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Abstract
The synthesis of calix[4]arene derivatives, 5,ll,17,23-tetra-rerr-butyl[25,27-bis(hydroxy)- 
26,28-bis(ethylthioethoxy)]-calix[4]arene, L3, and 5,ll,17,23-tetra-/err-bntyl[25,27- 
bis(ethylethanoate)oxy-26,28-bis(ethylthioethoxy)]-calix[4]arene, L4, are reported. These 
ligands are structurally (^H, NMR and X-ray crystallography) and thermodynamically 
(solubility, calorimetry) characterised.
In addition to L3 and L4, 5,ll,17,23-tetra-/err-butyl[25,26,27,28-tetrakis(ethylethanoate)- 
calix[4]arene, LI and 5,ll,17,23-tetra-rer/-butyl[25,26,27,28-tetrakis(methylketonemethoxy)- 
calix[4]arene, L2, are included in this study. Therefore, ligands LI, L2, L3 and L4 were 
investigated by NMR technique to obtain information regarding their conformation in 
solution and the active sites of interaction with metal cations in different deuterated solvents 
at 298 K.
Conductance measurements were performed to establish the composition of the metal-ion 
complexes with LI, L3 and L4 in acetonitrile, methanol, jyJV-dimethylfbrmamide and 
propylene carbonate at 298.15 K. Weak or non-existing interaction was observed in the latter 
solvent. However, complexes of 1:1 stoichiometry are formed in all cases.
Potentiometric and calorimetric measurements were carried out to establish the 
thermodynamic parameters of complexation of these ligands in acetonitrile, methanol, and 
jV j^V-dimethylfbrmamide at 298.15 K. LI and L2 behaved in a parallel fashion in acetonitrile, 
with a peak selectivity for Ca^  ^ relative to other bivalent metal cations investigated. 
Complexation was absent in other media.
On the other hand, L4 showed higher discrimination ability towards metal cations relative to 
LI in acetonitrile, methanol and W,W-dimethylformamide. In moving to L3, the selectivity of 
the ligand was improved with respect to LI and L4 to recognize only Ag"^  and Hg^ .^ ‘
The ligand and the medium effects on the complexation process are quantitatively assessed. 
Solution and transfer thermodynamic parameters for the reactants and the product involved in 
the complexation of Ag"^ , Hg^  ^ with L3 and L4 in acetonitrile (as a reference solvent), 
methanol and iyW-dimethylformamide (as receiving solvents) are discussed.
The complexation and solution data for the reactants and the product were used to calculate 
the standard enthalpies of coordination as a means of checking the reliability of the data. 
Extraction affinity of L3 for Ag^ was investigated in the water-dichloromethane saturated 
system.
Crystals of several ligands and their metal-ion complexes were isolated and characterized by 
X-ray diffraction studies. Conclusions and suggestions for further work in this area are given.
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Introduction Chapter One
1. Introduction
‘Its molecular model looks like one and, with it, cations could be crowned and uncrowned
without physical damage to either... ’
-Charles J. Pedersen-
Charles J. Pedersen’s work on methods of synthesising cyclic polyethers, which he named 
crown ethers, was a unique discovery. He showed that these compounds have remarkable 
properties and that they can form complexes with alkali metal cations. He attributed their 
selectivity in complex formation with these cations, to the size of the hole, the number, the 
distribution and the basicity of oxygen atoms. ^
The fingerprint that Pedersen left, still influencing the field of Chemistry in its aspects and 
in a particular direction, the field of ‘Supramolecular Chemistry ’, whose concept and term 
were first introduced in 1978 by Jean-Marie Lehn.^ This field has extensively expanded in 
the last decades to cover many areas of Chemistry and other related sciences, as assessed 
by the increasing number of books, journals and conferences.
Within this field, falls the area of macrocyclic chemistry, in which interaction between a 
macrocycle and an ionic or neutral species was described as *Host-Guest’ interaction. 
Macrocyles are large cyclic molecules, possessing binding sites, holes or cavities, which 
control their hosting ability to their guests.
Macrocyclic compounds can be synthesised or isolated from natural sources. Among the 
synthetic macrocyclic ligands are the crown ethers,^ cryptands,^’"^ spherands^'^ and the 
latest comers loiown as calixarenes, (see Fig. 1.1).
"o o— \ /N O O N, 0.  o . _  J
18-Crown-6 Cryptand 222 Spherand Calixarenes
Fig. 1.1. Structures of 18-crown-6, cryptand 222, spherands, and calix[n]arenes
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The complexation behaviour of these ligands has been extensively studied.^ The nature of 
interactions taking place between ligands and their guest is intermolecular bonding. A 
combination of spectrometric, conductimetric, potentiometric techniques, and 
thermodynamics can be used as powerfiil tools to investigate the host-guest interactions in 
solution,However, the latter is a key to illuminate the path towards understanding the 
factors that contribute to the stability of complex formation, and guide the scientist into the 
design and architecture of novel ligands, shaped and sculptured to recognise their guest in a 
selective manner. At this point, a piece of art is created.
The thermodynamics of these systems are included in a series of review a r t i c l e s , i n  which 
stability constants (log Kg), standard Gibbs energies (AcG°) enthalpies (AcH°) and entropies 
(AcS°) of complexation of macrocyclic ligands with ionic and neutral species in a wide variety 
of solvents are listed. In general the most stable complexes are formed when the maximum 
number of solvent molecules solvating the metal cations are replaced by the coordination 
atoms of the ligand.
The 1:1 (stoichiometric ratio [L]/ [M”^ ]) complexation process between a macrocyclic ligand, 
L and a cation, to give the metal-ion complex in a given solvent, (s)y can be
represented by eq.1 .1
Since the work in this thesis involves complexation processes involving calix[4]arene 
derivatives and metal cations, an introduction to calixarene chemistry is first given.
1.1. History o f calixarenes
Before the end of the nineteenth century Adolf von Baeye3^ isolated and identified the 
product of reactions between phenol and aldehydes, publishing his results in 1872. With the 
beginning of the twentieth century, Baekeland^^ discovered a commercially interesting 
material obtained from the condensation of phenol and formaldehyde in the presence of stnall 
and controlled amount of a base. In 1944 Zinke and Ziegler^^ published their work about a 
new compound obtained from the condensation of /?-^^rf-butylphenol and formaldehyde in the 
presence of a base, they assigned its structure to a cyclic tetramer. However, their discovery 
was found to be a mixtui e of cyclic compounds whose preparation was erratic.^®
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Followed by Munch^^ in the 1950’s, the ‘Petrolite’ procedure was proposed. It consisted of 
refluxing a mixture of p-substituted phenol, paraformaldehyde, and a very small amount of 
concentrated aqueous base in xylene for several hours in one single step, yielding high 
melting point, colourless and insoluble compoimds. After a few years, Comforth^^ postulated 
the existence of what today is known as conformational isomers. He recognised the possibility 
of four different orientations of the aryl rings in the cyclic tetramer, leading to structures 
which have subsequently been named as ‘cone’, ‘partial cone’, ‘1 ,2 -altemate’ and ‘1,3 - 
altemate’ conformers^^ (Fig. 1.2). In 1977 Patrick and Egen^ "^  improved the experimental 
method for the preparation of ‘phenolic[ 1.1.1.1 ]metacyclophane’ in good yield. However, the 
problem of a mixture of products persisted until 1978 when Gutsche showed that by careful 
control of the reaction conditions, good yields of pure compounds of various ring sizes could 
be obtained. He re-named these cyclic compounds as ‘calixarenes’.^
Their name was inspired from the shape of a Greek vase called a ‘calix crater’ (Greek calix, 
calice; arene). The last part of the name ‘arene’ is related to the presence of aromatic rings in 
the structure of these compounds. A bracketed number, indicating the number of benzene 
units, is inserted between ‘calix’ and ‘arene’. The position and type of substituents are 
indicated by prefixes positioned before the word ‘calix’. More sophisticated derivatised 
structures are systematically named according to the lUPAC nomenclature.^^
There are a series of calix[n] arene of n = 4 -  2 0 . Of particular interest to the present work are 
the derivatives of the cyclic tetramer. These compounds exist in a well defined ‘cone’ 
conformation^^’^ ,^ and are characterised by two cavities, i) a hydrophobic cavity situated 
between the aromatic rings of the ^-substituted phenolic units able to interact with neutral 
species and ii) a hydrophilic cavity at the functionalised groups in the lower rim able to 
interact with ionic ones.
The characteristics and properties of calixarenes made them an interesting subject to 
investigate, remarkably in the field of ’host-guest’ chemistry. This is due to many distinctive 
features of these compounds, such as, ease of functionalisation of the phenolic hydrogens at 
the lower rim, or substitution of the para positions at the upper rim, thus selective ligands can 
be designed^ '^^^.
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1.2. Stereochemical properties
The interaction of calixarene derivatives with their guests is dependent to a certain degree on 
the shape and conformation of the former. Therefore, a brief description of the calix[4] arene 
conformations is given in this section.
All parent calixarenes, containing free hydroxyl groups are conformationally mobile in 
solution at room temperature. Rotation around the bridging carbons can bring the OH groups 
through the centre of the macrocyclic ring. Four" different conformations have been found for 
/>-^er/-butylcalix[4]arene in solution as shown in Fig.l .2.^^
B B B B
ÔH OH OH
R R
1,3-Alternate
Partial cone
1,2-Altemate
Fig.1.2. Conformations of calix[4]arenes
The number of possible conformations grows considerably with the flexibility of the phenolic 
units in their stmctures.^^ Thus, calix[5]arenes can adopt four up/down conformations, the 
same number as calix[4]arenes, while calix[6 ]arenes can assume eight conformations and 
calix[8 ]arenes can adopt sixteen conformations.
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Kâmmerer^^ and Munch^^ suggested that the /?-^er^-butylcalix[4]arene exists preferentially in 
a ‘cone’ conformation in which the methylene protons are in non-identical environments. The 
IR spectrum shows that this conformer exhibits intramolecular hydrogen bonding formed by 
the lower rim phenolic hydroxyl groups, responsible for its rigid cone shape.
As the ring size increases, the intramolecular hydrogen bond interaction becomes weaker, 
however, with /7-^er^^-butylcalix[5 ] arene there is again a preference for a cone-like 
conformation.^® On the other hand, p-?er?-butylcalix[6 ]arene was found to exhibit two main 
conformations in the solid state, one in which all six hydroxy groups are on the same rim of the 
molecule and a second one, in which three adjacent hydroxy groups are situated on opposite 
rims.^  ^ In solution, these molecules are conformationally mobile at ordinary temperatures on 
the NMR time scale.
As far as the jt?-^er^-butylcalix[8 ]arene is concerned, it shows NMR characteristics that are 
almost identical to those of the p-^er^-butylcalix[4]arene in CDCI3 (non-hydrogen bonding 
solvent). This similarity between calix[8 ]arene and calix[4]arene was explained on the basis 
that the former had a ‘pinched’ conformation in which the molecule has a pair of 
calix[4]arene molecules. This resemblance was overcome by using C5D5N (hydrogen bonding 
solvent), which caused the disruption of intramolecular hydrogen bonding in the calix[8 ]arene 
while keeping the calix[4]arene ‘cone’ conformation stable. This was attributed to the ability 
of solvent to act as a hydrogen or non-hydrogen bonding solvent with these macrocycles.^^ 
Moreover, it shows the role of the solvent that plays with calixarenes. The X-ray structure of 
p-^er?-butylcalix[8 ]arene showed that in the solid state, the molecule exists in an essentially 
flat form known as a ‘pleated-loop’ conformation.^^
1.3. Physical properties of calixarenes
1.3.1. Melting points o f calix[n] arenes
As shown in Table 1.1, calix[n] arenes ai*e characterised by high melting points. This is due to 
the strong hydrogen bond formation between the lower rim’s hydroxyl groups. However, 
derivatisation of the lower rim yields compounds with lower melting point.^^
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p-ter^-butylcalix[n]arene Melting point (°C)
/7-fer^-butylcalix[4 ]arene^ '^ 342-344°C
/7-ferr-butylcalix[5 ]arene^^ 310-312°C
/7-rer/-butylcalix[6 ]arene^ '^ 372-374‘’C
p-/er/-butylcalix[7]arene^^ 290°C
/7-/‘er?-butylcalix[8]arene '^^ 418-420°C
p-?er^-butylcalix[9]arene^^ 317-318°C
p-/er^butylcalix[ 10 ]arene^^ 308-310°C
/7-^er/-butylcalix[l l]arene^^ 200-250°C
p-^er^-butylcalix[ 12 ]arene^^ 294-295°C
p-/er/-butylcalix[ 13]arene^^ 313-314°C
p-^er^-butylcalix[ 14]arene^^ 317-320°C
p-^er^-butylcalix[ 1 Sjarene^^ 227-295°C
p-^er^-butylcalix[l 6 ]arene^^ 310-312°C
p-^err-butylcalix[2 0 ]arene^ ® 290-292°C
Table.1.1. Melting points ofp-^er/-butylcalix[n]arenes (n=r 4 tol6  and 20)
1.3.2. Solubilities
Another characteristic of parent calixarenes is their very low solubilities in water and in most 
organic solvents, which was of certain interest for many researchers, (see Table 1.2)/^
Solvent p-ter^-butylcalix[4]arene p-rer/-butyicalix[8 ]arene
MeOH 5.90 X 10-“ < 10*^
EtOH 3.30 X lO'^ ^ < 1 0 '^
DMF 1 .1 0  X 10 '^ 2 .2 0  X 10 '^
MeCN 4.73 X 10'^ 1 .68  X 10 '^
Hex 2.12 X 10'“ 2.51 X 10'^
CHCI3 4.34 X 10'^ 6.23 X 10-^
PhCN 9.47 X 10"* 1.14 X 10'^
Table 1.2. Solubilities (mol dm'^ ) of /?-ferï-butylcaiix[n]arenes (n = 4, 8) in various solvents at 
298.15
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Derivatization can alter the solubility of calixm*enes, even rendering them soluble in water. 
This was first achieved by Ungaro and Arduini^^ who prepared the tetracarboxymethyl ethers 
ofp-^er/‘-butylcalix[4]arene (Fig. 1.3 a) which are soluble in water to the extent of 5  x 10"^  mol 
à m \
CO2H
OH
b
OH
c
OH
d
Fig. 1.3. Water-soluble calixarenes
This was followed by Gutsche and co-workers^^ preparing carboxylatocalix[n]arenes (n = 4- 
8 ), with limited solubility (up to 1 x 10'  ^mol dm" )^ (Fig. 1.3. b and c). However, the highest 
solubility for calixarenes resulted from sulfonation of the upper rim by Shinkai et The
jp-sulfonatocalixarenes (Fig. 1.3. d) showed a characteristic solubility in water that is nearly 
independent of the pH.^^
However, the preparation of calixarene derivatives soluble in water is not limited to the 
examples given above, more work has been done in this area exploiting the hydrophobic 
properties of these ligands towards their guests in water."^  ^Recently, a series of water-soluble 
(solubility ~ 10'  ^ mol dm’^ ) p-sulfonated calix[4]arene-biscrowns have been prepared (Fig.
1.4), in which one of these derivatives showed complexing ability towards caesium in water 
(Fig. 1.4, e)."'
NaOgS SOaNa SOgNa
r if i (a) n -  m = 0(b) n = 0, m “  1(c) n = m = 1(d) n =  1, m =  2(e) n = m =2
Fig. 1.4. Structure of/?-sulfonated l,2;3,4-calix[4]arene-biscrowns
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1.3.3. Infrared spectra
The low frequency of the stretching vibration of the OH groups shows a particular distinctive 
feature of calixarenes. This low frequency which ranges from ca 3150 cm'  ^ for the cyclic 
tetramer to ca 3300 cm'  ^ for the cyclic pentamer with other oligomers falling between these 
limits^ ,^ is attributed to the very strong intramolecular hydrogen bonding that exists in these 
molecules.
1.3.4. and NMR spectra
^H NMR provides a method of identification for parent calixarenes and their derivatives in 
solution. As far as the parent calixarenes are concerned, the ^H NMR spectrum for p-tert- 
butylcalix[4]arene at 298 K is uncomplicated, it shows singlets for the aromatic, rcrf-butyl 
and the hydroxyl protons resonance lines, while the protons of the bridging methylene groups 
(CH2) appear as a pair of doublets, characteristic for the ‘cone’ conformation of parent 
calixarenes and derivatives in solution. In the ‘partial cone’ conformation, the ^cr^butyl 
protons show three singlets, the CH2 show two pair of doublets and the aromatic protons show 
two singlets and two doublets or four singlets. In the 1,3-alternate conformation, all proton 
resonance lines appear as singlets. For the 1,2 -altemate conformation, the tert-\mty\ protons 
show one singlet, the aromatic protons show two singlets and the CH2 show one singlet and 
two doublets.^^
The ^H NMR spectra for j?-rgrr-butylcalix[8]arene in CDCI3 showed a remarkable similarity 
with that for j9-rgrr-butylcalix[4 ]arene at 298 K. For both macrocycles, the CH2 showed a pair 
of doublets at 298 and 289 K, respectively, and a singlet at 332 K. This similarity was 
overcome as discussed in section 1.2.^  ^ In addition, the X-ray crystallographic data showed 
that in the solid state the j!?-^gr -^butylcalix[8]arene exists in a ‘pleated-loop’ conformation in 
which the alternating up-down arrangement of the aryl units present non-equivalence on the 
methylene hydrogens.
For the unsymmetrical j)-rer/-butylcalix[n]arenes (n = 5, 7), the cyclic pentamer and heptamer 
showed a broad singlet and a singlet for the CH2 at 298 K in CDCI3, respectively, that 
resolved into a pair of doublets at lower temperature, 233 K.
On the other hand, the methylene resonances of j9-rg7'r-butylcalix[6]arene in CDCI3 at 298 K, 
appeared as a group of eight peaks that were interpreted as arising from three sets of 
overlapping pairs of doublets. This observation indicated that the conformation of the cyclic
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hexamer is less symmetrical than the cyclic tetramer and was described as ‘winged’ 
conformation."^^
L3.5. Ultraviolet spectra
Calixarenes have a pair of absorption maxima near 280 and 288 nm. The ratio of the intensity 
at these two wavelengths is a function of ring size, ranging from 1.3 for calix[4]arenes to 0.75 
for the calix[8 ]arenes as shown in Table 1.3.^
R group n 280 ± 1 nm 288 ± 1 nm Solvent
All tert-huty[ 4 9,800 7,700 Chloroform"^^
Methyl and tert-\m\y\ 5 14,030 14,380 Dioxane"^
All ter^-butyl 6 15,500 17,040 Chloroform"^^
Methyl and ^er^butyl 6 17,210 17,600 Dioxane"^ ^
All tert-huty\ 7 18,200 20,900 Chloroform"^^
Methyl and tert-h\xty\ 7 19,800 20,900 Dioxane^^
All tert-huty\ 8 23,100 32,000 Chloroform"^^
Table 1.3. Absorptivities (Smaxinor* dm'  ^cm'^) ofp-terf-butylcalix[n]arenes (n = 4, 5, 6 , 7, 8) 
in chloroform and in dioxane at 280 and 288 nm at 298 K.
1.4. Calixarene derivatives
The derivatization of calixarenes has led to the formation of ligands able to interact with a 
neutral and/ or ionic species of interest. This was achieved by a number of research groups of 
diverse disciplines, thus, revealing the flexibility of modifying the lower and upper rims of 
these macrocycles to meet with their targetsM ainly the calix[n]arenes are modified at the 
p-positions and at the phenolic hydroxy groups.
The substitution of the p-tert-hutyl groups at the upper rim have been achieved via several 
methods such as, direct sulfonation of the p-^er^-butylcalix[4]arenes to prepare the 
tetrasulfonic acid (80 % yield)"^  ^ and selective introduction of nitro groups via aromatic 
nitration of the p-?er/-butylcalix[4]arenes and different ester derivatives."^  ^ In addition, ipso-
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nitration of alkyl ethers of /7-^err-butylcalix[4 ]arenes to yield 85 % of the con'esponding 
tetranitro compounds has been reported.^  ^This method has been also used to prepare various 
mono-nitro derivatives of tetraethers in good yields (up to 75
Moreover, elimination of the tert-butyl groups was performed using aluminium trichloride in 
toluene in the presence of phenol/^
As far as this work is concerned, elaboration will be given about the functionalisation of the 
lower rim and in particular j?-rer^-butylcalix[4] arenes derivatives containing carbonyl and 
sulphur functional groups (section 1.4.1-1.4.3, respectively).
Mono-, di-, tri- and tetra-functionalisation were achieved under different conditions to prepare 
a wide variety of calix[4]arene lower rim derivatives.^  ^The tetrafunctionalised calix[4]arenes 
were often prepared in the ‘cone’ conformation by using NazCOg or K2CO3 in acetonitrile in 
the presence of 18-crown-6 for reactive alkylating agents such asbromo or chloro, or ketones, 
while NaH in DMF or THF/ DMF (sometimes MeCN) is the reaction conditions commonly 
used for alkylbromides or iodides.^ ’^^ '^
1.4.1. Lower rim calixarene derivatives containing carbonyl groups
The field of calixarene chemistry encloses a vast collection of calixarenes containing carbonyl 
functional groups at their lower rim.^  ^Selection of some derivatives with certain relevance to 
this thesis is given in this section.
The synthesis of p-rgrr-butylcalix[4]arene ester and ketone derivatives Fig. 1.5, was first 
reported by McKervey et al.^  ^These procedures were later modified by Danil de Namor et
R = Methyl (la )  
Ethyl (lb )  
n-Butyl (Ic) R
•o R = Me (2 a) Ph (2b)
Fig. 1.5, Structures of p-rerr-butylcalix[4]arene ester and ketone derivatives
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Complexation studies for Ib, 2 a and 2b with alkali-metal cations (as perchlorates) in MeCN 
(eq.1.1) reported by McKervey et aîP  showed selective binding of these ligands for L i\ 
following the order Li'*' > Na'*' > K  ^ > Rb'*'. On the other hand, Danil de Namor et al.^  ^
observed discrepancies in the log Ks values (-1.8 and 3 units) for Na"*" and lb, 2a^  ^and 2b^  ^
in MeCN at 298.15 K, respectively. Selective complexation was found for Na"*" and not for 
Li'*', in the order Na^ > L f > K’*’ > Rb^ (as perchlorates) with both ligands (Table 1.4). These 
errors in the determination of log Ks, were attributed to the criteria of selecting the 
appropriate technique for the relevant complexation process.
However, complexation studies involving lb  and alkali-metal cations covered other solvents 
such as MeOH^  ^ and PhCN^*; whereas that for 2b with Na"*" was extended to PhCN and 
DMF.^  ^ In addition, other j!7-rer^butylcalix[4 ]arene ester derivatives (la  and 2c) (Fig. 1.5) 
were investigated with alkali-metal cations in MeCN and PhCN at 298,15K (see Table
1.4).^  ^It was concluded that the methyl and phenyl ketone (2a and 2b) and the different ester 
derivatives of /7-fer/-butylcalix[4 ]arene given above (la, lb  and Ic), have a peak selectivity 
for Na^ relative to the other alkali-metal cations in the solvents investigated (see Table 1.4). 
Stability constants for other calix[n]arene ester derivatives of bigger size (n = 6) were 
collected and reported by Danil de Namor et al}^
As far as the interaction of la  and 2a with bivalent metal cations is concerned, McKervey et 
al reported within the same context of their investigation with alkali-metal cations, that 
these ligands do not interact with alkaline-earth metal cations. Their conclusion was based 
on experimental data carried out in MeOH at 298.15 K.^ ^
However, the complexation process between a ligand and a metal cation is mainly a 
competition between the solvent and the ligand over the metal cation, which is governed by 
the solvation of each species in the solvent. Thus, complex formation and stability of 
macrocycles in general and calix[4] arene derivatives, in particular, is strongly dependent on 
the nature of the solvent.
Therefore, complexation studies were carried out for the interaction of these ligands (la and 
2a) with bivalent metal cations in a variety of solvents at 298.15 K.^ ® These investigations 
are part of this thesis and are discussed in Chapter III.
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Ligand cation hgKs AcG^/kJmoV^ Adl^/kJmot^ A S^JK ^m of
la.
"ÇHz
\CH3
Li+
Na’^
K""
Rb"
L f
Na+
+K
5.61
6.97
4.01
2.25
5.45
6.78
2.70
MeCN
-32.02
-39.79
-22.89
-12.84
PhCN
-31.11
-38.70
-15.41
-37.80
-63.00
-40.63
-9.89
-47.02
-41.08
-21.34
-19.4
-77.8
-59.4
9.9
-53.4
- 8.0
-19.9
Li^
Na""
Rb
Na
L f
Na'
6.10, (6.4) 
7.68, (5.8)
4.04, (4.5)
2.05, (1.9)
5.49
7.57
3.51
2.6
5.0
2.4
MeCN
-35.39
-43.81
-23.06
-11.70
PhCN
-31.34
-43.27
-20.04
MeOH
-14.84
-28.5
-13.70
-48.78
-69.20
-45.75
-23.34
-57.20
-50.70
-23.21
5.05
-45.60
-14.22
-44.9
-85.1
-76.1
-39.0
-86.7
-24.9
- 10.6
66.7
-57.2
-1.7
CH2'
L f
Na""
K+
L f
Na""
6.21
7.67
2.05
6.09
7.44
3.48
MeCN
-35.45
-43.78
-11.67
PhCN
-34.76
-42.47
-19.86
-46.30
-67.80
-26.91
-56.70
-50.70
-24.30
-36.4
-80.6
-51.0
-73.6
-27.6
-14.9
CH2 CHl
le
Table 1.4. Thermodynamic parameters of complexation for ^-fer^-butylcalix[4]arene ester 
and ketone derivatives with alkali-metal cations (as perchlorates) in various solvents at
298.15 K
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Ligand ation logKs AcG V kJm of AJIVkJmor^ A ^ V J K ^ m o f
MeCN
L t 6.9, (5.8) -39.4 -40.7 -4.4
Na^ 8.5, (5.6) -48.5 -66.0 -58.6
K+ 4.8, (4.4) -27.4 -37.2 -32.9
Rb+ (1.7) - - -
1 Cs"" (3.7) - - -
" 4 MeOH
' L t (2.7) - -
chN
N d
K"
(5.1)
(3.1)
2a Rb^
Cs''
(3.6)
(3.1)
- -
L f (6.3)
Na"" 8.89, (6.1)
MeCN
-50.7 -76 ■85.1
(5.1)
(4.5)
(5.6)
Rb
PhCNCHz
-4.6Na' 8.12 -46.4 -47.7
DMF
-100-493.43Na -19.6
2b
Values of log K, in parentheses are from ref. 58.
Table 1.4. (cont) Thermodynamic parameters of complexation for /?-fer/-butylcalix[4]arene 
ester and ketone derivatives with alkali-metal cations (as perchlorates) in various solvents at
298.15 K.
/?-iferf-Butylcalix[4]arene tetramethyl ketone (2a) showed the same behaviour towards alkali- 
metal cations as the/?-ter^butylcalix[4]arene ester derivatives (la, lb  and Ic), all complexes 
exhibited a 1:1 stoichiometry obtained from conductimetric measurements. Peak selectivity 
was observed for Na"*^  for all these ligands in the solvents investigated at 298.15 K. Higher 
log Kg values for 2 a complexes in comparison with la, lb  and Ic was attributed to the more 
basic character of the carbonyl groups of the ketone ligand relative to the ester ones.
13
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The enthalpies of complexation in all solvents listed above are negative. The processes are 
enthalpically stabilised but entropically destabilised. In terms of enthalpy, the contribution of 
this term to the Gibbs energy of the process is dominant relative to the entropie contribution. 
In MeCN and MeOH the greatest enthalpy and entropy losses are found for the complexes of 
highest stabilities (Na"^  and the various calix[4]arene esters) as shown in Table 1.4. In PhCN, 
the enthalpy term is again dominant, however the most negative enthalpies are found for the 
lithium complexes. Stability in terms of enthalpy decreases with an increase of the size of 
the cation. Also the highest destabilising effect of the entropy is found for the smallest cation 
in this solvent at 298.15 K.
Furthermore, for 2b both solvents MeCN and PhCN, offered a suitable complexation media 
while this process was less favourable in DMF. In all solvents given in Table 1.4 the 
complexation process is enthalpically controlled and a loss of entropy was observed. The 
small entropy loss in PhCN plays a major role in the stability observed in this solvent 
relative to others.
Another series of / 7-fer^butylcalix[4 ]arene derivatives containing carbonyl groups at their 
lower rim are the amides. The theimodynamic parameters of complexation for the p-tert- 
butylcalix[4]arene diethyl (3a) and n-butyl (4a) amide derivatives (Fig. 1.6) with alkali and 
alkaline-earth-metal cations in MeCN and MeOH at 298.15 K, are given in Table 1.5.^ '^^  ^
Furthermore, other calix[4]arene amide derivatives have been prepared (Fig. 1.6) and few 
investigated for their complexation ability towards metal cations in non-aqueous media.
The complexation studies that involved this series of calixarene derivatives, covered 
alkaline-earth metal cations but did not involve any of the heavy or transition metal 
cations.^^
(3a) R = t-Bu, R1 = Et, n = 4 
(3b) R= t-Bn, R1 = -(CHz)^ - 
(3c)R=H,Rl=Et,n = 4 (3d) R = t-Bu, R1 = Et, n = 6 (3e) R = H, R1 = Et, n = 6'ÇH2 J
(4a) R1 -  M-Bu (4b)Rl=Et
/ "'ORiHN
Fig, 1.6. Structures for calix[4]arene amide derivatives.
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Solvent logKs 4 ,0  VkJ mol'^
AcHV  
kJ mol'^
Et"^  V
3a
L f
Na'
IC
Rb'
Cs'
.2+Mg
Ca'+
Ba^+
MeOH
MeCN
MeOH
MeCN
MeOH
MeCN
MeOH
MeCN
MeOH
MeCN
MeOH
MeOH
MeOH
MeOH
4.1 (3.9^) 
>8.5 
7.9 
>8.5 
5.8  ^
^8.5 
3.8 (3.8^ 
5.7 
2.5 (2.4*’) 
3.5 
1.2*’ 
>9*’
> 9*’ 
7.2*’
- 22.2
-48.4
-45.0
-48.4
-33.1
-48.4
- 21.6
-32.5
-14.0
-19.9
-51.3
-51.3
-41.0
-7
-55
-50.6
-79
-42.4
-64
-17.5
-37.2
-9
-26
-25
-10
2.5
50 
>-22 
-20 
>-103 
-31 
^  -52 
13 
-17 
17 
-20
^ 88.2 
> 138.6 
144
CHz
/ ^ 0HN
h r
Na+
K+
Rb+
Mg2+
Ca2+
Ba2+
MeOH
MeOH
MeOH
MeOH
MeOH
MeOH
MeOH
MeOH
3.00'’ 
7.20*’ 
5.4*’ 
3.1 (3.0*’) 
1.2*’ 
7.8*’ 
8. 1*’ 
6 .8*’
-17.1
-41.0
-30.8
-17,1
-44.5
-46.2
-38.8
6
-34.4
-32.6
-11
- 10.0
7.7
77
23
-6
20
116
156
Table 1.5. Thermodynamic parameters of complexation for calix[4]arene amide derivatives 
(3a and 4a) with alkali and alkaline-earth metal cations (as perchlorates) in MeCN and 
MeOH at 298.15 K.*^
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Both ligands, j2-?er/-butylcalix[4 ]arene tetradiethylamide (3a) and /?-?er^-butylcalix[4]arene 
tetrapyrrolidinylamide (4a) show preference for sodium in the alkali series in methanol at 
298.15 K. In both solvents, the complexation process is enthalpy controlled for all the 
cations except Li'" in MeOH. The most negative values are found for sodium. The entropy 
values may be favourable (AcS° > 0) as in the case of Rb'" with both ligands, Cs'' with 3a and 
Na’*' with 4a or unfavourable (AcS° < 0) in other cases. The formation of the Lf-3a complex 
is accompanied by favourable enthalpy and entropy terms but the AcG° is entropy controlled. 
With ligand 4a, the complexation process is entropy driven since the AcH° value shows that 
AcH° > 0. Among the alkali-metal series, is the best solvated cation in MeOH and 
therefore its desolvation upon complexation is greater than for other alkali-metal cations. 
This results in a gain of entropy in the case of lithium upon complexation with 4a in 
methanol at 298.15 K.
With both ligands and alkaline-earth metal cations, the complexation process is entropy 
controlled. Stabilisation also results from the favourable enthalpy terais for the Ca ’^*'-3a, 
Sr^ '*’-3a and Ca^ '*'-4a complexes. These cations form the most stable complexes among all the 
alkali and alkaline-earth metal cations with these amide derivatives in methanol at 298.15 K. 
The absolute enthalpy value however is much lower than for the complexation of 3a and 4a 
with the alkali-metal cations. The entropy term plays an important role in the complex 
stability (hence the Gibbs energy) involving alkaline-earth metal cations and these ligands in 
methanol.
Therefore, from the observations made for the complexation of calix[4]arene derivatives 
containing carbonyl groups in their lower rim with metal cations in non-aqueous solvents, 
few conclusions are worth to emphasise:
i. These ligands exhibit peak selectivity towards Na'*’ in all solvents investigated at
298.15 K.
ii. Stability constants of these ligands form stronger complexes in MeCN than in MeOH 
or PhCN, except for the potassium calix[4]arene w-butyl ester (Ic), which is more 
stable in PhCN.
iii. An exothermic maximum is observed for the complexation of the p-tert- 
butylcalix[4]arene esters and amides with Na’*' in MeOH and MeCN.
iv. The information about interaction of these ligands with bivalent metal cations is 
lacking and limited to few derivatives with alkaline-earth metal cations (3a and 4a).
16
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1.4.2. Lower rim calixarene derivatives containing mixed pendent arms
Combination of different functional groups (ester, amide, amine and sulphur) in the pendant 
arms of the lower rim of /?-/er^-bu1ylcalix:[4]arene derivatives, have been reported by many 
reseachers/^
The choice of functional groups incorporated in the pendent arms of the lower rim depends 
mainly on the nature of guests targeted. The presence of soft binding sites at the lower rim of 
/7-/er/-butylcalix[4 ]arene derivatives is of current interest with the aim of designing ligands 
that recognise soft metal cations such as Ag"*", Hg '^’ and Cd^ "*'. A few examples are those 
reported by Cobben et al^^ (5a-b), Gibbs and Gutsche^ ,^ Sone et aÛ^ and Danil de Namor et 
(6 a-i and 7a-c), Fig. 1.7.
(5a) R1 = CH2CH2SCH3, R2 = H 
(5b) R1 = CH2CH2SCH3, R2 = n-Pr
(6a) RI = R2 = CH2
(6b) R1 = (CH2)2SCH3, R2 =  (CH2)2N(CH3)2 
(6c) R1 =  (CH2)2SCH3, R2 =  (CH2)2N(CH2CH3)2 
(6d) R1 = (CH2)2SCH3, R2 = (CH2)2N(i?r)2 
(6e) R1 = (CH2)2SCH3, R2 =(C%)2Ï^
(6g) R1 = (CH2)2SCH3, R2 =  (C H 2 )2 l^ ^  
(6h) R1 =  (CH2)2SCH3, R2 = C H 2 ^  ^
(6!) R1 = (CH2)2SCH3, R2 = CH2CN(iPr)2O
(7a) R1 = (CH2)2SCH3, R2 =
(61) R1 = (CH2)2SCHa, R2 = (CH2)2O (7b) R l = (CH2)2SCH3, R2 =  
(7c) R l = R2 = ^
Fig. 1.7. Structures of /?“ter^butylcalix[4]arene derivatives containing different types of 
pendant arms alternately arranged.
Thermodynamic parameters of complexation for 6 c with Ag (as perchlorate) in MeOH, 
MeCN and PhCN at 298.15 K, (eq. 1.1) are given in Table 1.6.^ *
Solvent logKs AcGJlcJmot^ AcH°/kJmoT^ A cS °/JK ^ m of
MeOH 5.92 -33.79 -44.39 -35.5
MeCN 3.46 -19.77 -23.16 -11.4
PhCN 4.00 -22.84 -44.85 -73.8
Table 1.6. Thermodynamic parameters of complexation of 6 c and Ag'*' (as perchlorate) in 
various solvents at 298.15 K.
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Data in Table 1.6 showed that in all solvents the process is enthalpy controlled. The higher 
stability observed in MeOH with respect to PhCN is due to more favourable entropy in the 
former relative to the latter solvent given that in these solvents, AcH° values are about the 
same.
Other ligands (7a and 7b) of the series given in Fig. 1.7 have been investigated for their 
complexing ability with alkali-metal cations in MeCN and PhCN at 298.15 
*H NMR measurements in CD3CN suggested that 7a discriminates against Rb  ^and Cs  ^
but interacts with Li'*' and Na’*’. Based on the difference in chemical shifts recorded (Aô = 
ôcompiex -  Ôfree ligand ppm), it was suggested that the interaction is more likely to occur with the 
pendent arms containing the pyridyl ring (through the ethereal oxygen and nitrogen donor 
atoms) than with those containing the sulphur moieties in which only ethereal oxygen atoms 
were involved. On the other hand, no interaction was observed between 7b and alkali-metal 
cations in this solvent.
Thermodynamic parameters of complexation of 7a and 7c with Li’*' and Na^ (as perchlorates) 
in MeCN and PhCN at 298.15 K were reported (Table 1.7).^ '^^ ^
L O ÇH2* 
N
7c
Cation logK, AcG /^kJmol-^ AoH°/kJmor^ AcS°/JIC^mol-^
MeCN
Li+ 5.42 -30.94 -26.2 16
Na^ 5.22 -29.80 -33.8 -13.4
PhCN
Li+ 5.88 -33.57 -37.6 -7.4
Na’*' 5.11 -29.17 -17.5 39.1
MeCN
Li’*' 5.95 -33.96 -23.91 33.7
Na’*' 5.48 -31.31 -25.6 19.1
PhCN
L f 5.10 -29.11 -33.7 -15.6
Na'*' 4.74 -27.06 -24.4 8 .8
Table 1.7. Thermodynamic parameters of complexation for 7a and 7c with Li^ and Na"*" (as 
perchorates) in MeCN and PhCN at 298.15 K.
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Data in Table 1.7 for 7a and 7c show that an insignificant difference is found in the selectivity 
of these ligands towards L f  and Na'*’ in these solvents at 298.15 K in terms of AcG°. However 
considerable differences are found in their enthalpic and entropie contributions. As far as the 
L f  is concerned, in MeCN this cation was enthalpically less stable than Na'*', while the 
entropy contribution to AcG° was unfavourbale. This behaviour was reversed when the 
medium is PhCN where the enthalpic stability of the complexation process is greater for L f  
relative to Na'*', accompanied with a favourable AcS°.
The stability of a complex is mainly dependent on the solvent. Therefore, the availability of 
transfer thermodynamic data of the reactants and the product, will help to gain understanding 
about the factors that contribute to the medium effect on the complexation process and this is 
introduced now.
1.4.3. Solution thermodynamics o f calixarene derivatives and their metal-ion complex salts. 
Transfer thermodynamic parameters
As shown in the previous sections (1.4.1 and 1.4.2) the thermodynamics of complexation of a 
metal cation and a ligand is affected by the medium. Therefore, solute-solvent interactions 
involving reactants (ligand, L and guest, G) and product (complex, GL) are important for 
analysing solvation effects upon host-guest complexation processes. The medium effect on 
the complexation process is better illustrated using the following thermodynamic cycle (eq. 
1.2),"°
+
+
AcP°
A(P7  (G) A f7 (L)
T '
G % )
AtP7 (GL) eq. 1 .2
In eq. 1.2, AcP° denotes the standard thermodynamic parameters of complexation 
(AcG°,AcH°, AcS°) and AtP° are the thermodynamic parameters of transfer (AtG°,AtH°, AtS°) 
for die guest, the macrocycle and the complex from the reference solvent {sj) to another
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solvent {si), The relationship between complexation and transfer thermodynamics is shown 
in eq. 1.3.
AcP° (si) - AcP° (sz) = AtP° (G) (si->sz) + AtP° (L) (sj->sz) - AtP° (LG) (si->sz) eq.1.3
This equation (applicable in terms of Gibbs energy, AG°, enthalpy, AH° or entropy, AS°) 
demonstrates that the three parameters of transfer determine the medium effect on the 
complexation process.
The AtP° of a solute from a reference solvent, si, to another solvent, S2, can be obtained from 
the standard parameters of solution, AgP°, of this solute in the appropriate solvent according 
to eq. 1.4.
Detailed studies on the thermodynamics of uncomplexed 1:1 electrolytes in transfers from one 
solvent to another have been extensively reported.
The parameters of transfer of an electrolyte (metal cation salt) from a reference solvent to a 
receiving solvent involve the contribution of the cation and the anion. Therefore, for the 
calculation of the single-ion parameters of transfer (eq.1 .2 ) there are various extra­
thermodynamic conventions proposed in the literature. The most used one is that suggested 
by Parker et al?^ known as the tetraphenylarsonium tetraphenylborate (Ph4AsPh4B) 
convention. It is based on the assumption that
A,P° P\As^{s.^ J^) Ph^B~{s  ^ Jg) e^.1.5
The validity of this assumption is accepted on the basis of the low charge and nearly the same 
size of the constituent ions of this reference electrolyte.
Moreover, the low charge densities and minimum interaction of the ion constituents of 
Pli4AsPh4B with the solvent made them behave as uncharged units (Ph4C)"^ , therefore it was 
assumed that,
A /"  Ph,AsP\B{s^ -4- jfg) s  2 A /"  P\C{s, -» sf) eq.1.6
Availability of the thermodynamic value for the transfer parameter of Ph4AsPli4B between 
two solvents allows the calculation of AtP° for the Ph4As'*' and Ph4B‘ ions from a reference 
solvent to another. Therefore using electrolytes containing these ions it is possible to derive
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data for other single ions, which in turn allows the calculation of single ions from other 
electrolyte combinations.
The determination of standard Gibbs energies, AgO®, enthalpies, AgH° and entropies, AgS® of 
solution is a pre-expeiimental stage to allow the calculation of transfer data.
Danil de Namor and co-workers^^’^ ’^"^ ’"" have extensively reported solution and transfer data 
involving calixarene derivatives. Representative examples involving />-^er?-butylcalix[4]arene 
derivatives (2b and 6 c) and their complexes are given in Tables 1,8 and 1.9, respectively.
Solvent Solubility A.G« A,S= AtG® A3° AtS°
mol dm‘^ kJ mol"' kJ mol ' JK"'mor' kJ mol"' kJ mol"' JK"' mol"'
MeCN 1.12 X 10'^ 11.13 22.67 38.7 0 0 0
2b MeOH
PhCN
3.65 X 10'^ 13.91 32.67
14.03
62.9 2.78 10.00
-8.64
24.2
1
MeCN
PhCN
6.25 X lO'^ 16.11 -34.62
-12.70
-170.1
21.92
1
MeOH 20.14 -2.91 -77.3 4.03 31.71 92.8
Table 1.8. Solution thermodynamics of lower rim calix[4]arene derivatives and metal-ion 
complexes in various solvents at 298.15 K. Derived transfer parameters from acetonitrile.^^
The solution thermodynamics of /?-?er^butylcalix[4]arene derivatives and their complexes 
have been reported.^ '^" '^"  ^ Data of enthalpy of transfer for the sodium complex of lb  from 
MeCN to MeOH and PhCN are both positive, indicating that the sodium complex salt is 
enthalpically more stable in MeCN than in the other two solvents. As far as the free ligand 
(lb) is concerned, the AtH° value from MeCN to PhCN was found negative, indicating that 
the ligand is enthalpically more favourable in the latter solvent compared with the former. The 
Na"*" cation itself is enthalpically more stable in acetonitrile (shown by its transfer enthalpy 
between the solvents)^° than in benzonitrile. Therefore, the stronger interaction of the complex 
with acetonitrile is the main factor causing the more negative AcH° value for sodium and p-tert- 
butylcalix[4] arene tetraethylester in MeCN than in PhCN as discussed previously.
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6c
MeCN-> MeOH
Electrolyte
A g -^+ cio r
Ag*6 c+ CIO4"
Single-ion
Electrolyte
A g * + c io r
Ag^ 6 c + CIO4 
Single-ion
Ag"
Ag"^ 6c
6 c
30.78 33.28 8.4 .
13.60 0.33 -44.5
30.12 18.85 -37.8
12.94 -14.10 -90.7
-3.11 -11.43 -27.9
M e C N D M F
-0.13 -3.69 -11.9
-8.47 -21.90 -45.0
4.65 2.18 -8.3
-3.69 -16.03 -41.4
-4.03 -1.34 9.1
Table 1.9. Transfer thermodynamic parameters for 1:1 electrolytes from MeCN to MeOH and 
to DMF at 298.15 K. Single-ion values based on the Ph^AsPfriB convention.
These transfer data for the free and complexed cation were discussed in detaif^ showing the 
medium effect on the complexation process.
1.4.4. Enthalpies o f coordination
Combination of solution and complexation thermodynamic functions, leads to the calculation 
of AcoordH°. A description of the process and calculation of this term is given in Chapter HI, 
section 3.6.2 with a discussion based on data obtained from this work. However, for a given 
system the value of AcoordH° (the same applies for AcoordG® and AcoordS°) should be the same.
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regardless of the solvent from which this is derived and therefore, it is a useful tool for 
checking the accuracy of the parameters involved. AcoordH® can also be used to assess the 
anion effect on the coordination process between the ligand and the metal cation in the solid 
state. Unlike in solution where the counter-ion is not involved, in the complexation between 
the cation and the macrocycle, in the solid state, the counter-ion participates in the 
coordination process.
1.5. Application fields of calixarene derivatives
The selective behaviour of calixarene derivatives towards their guests made them an 
interesting element in the industrial field. Their applications are expanding with the evolution 
of their derivatives to meet the requirements of many researchers. Therefore, few application 
fields are discussed within the context of this thesis.
1.5.1. Calixarene derivatives as extracting agents fo r  metal cations
Their ability to extract selectively metal cations from aqueous solutions has been investigated 
by McKervey and co-workers,^^'^^ Roundhill and co-workers,^^ Danil de Namor and co- 
workers^^*^  ^and many others.
Some of the environmental problems are due to the presence of residues of toxic metal cations 
in the effluents produced by certain industries, which require treatment prior to discharge.
For this aim, many calixarene derivatives has been prepared containing soft binding sites in 
their lower rim, enabling them to extract toxic metal cations such as Hg^^, Pb '^ '^and other 
metal cations (Au^ and Ag^).
The iV^A -^dimethyl dithicarbamoyl (8 a, Fig. 1.8) and methylthioether calix[4] arene (5a, Fig. 
1.7) derivatives are found to be good extractants for Hg^^ as well as Pb^ "^  and Ag\^^
(8 a)
Fig. 1.8. Structure for AC#-dimethyl dithicarbamoylcalix[4]arene derivative, (8 a).
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Fig. 1.8. Structure for A ,^A -^dimethyl dithicarbamoylcalix[4]arene derivative, (Sa).
Moreover, j:)-^gr/^-butylcalix[4] arene amide derivatives showed a high level of extraction for 
various metal picrates from water into DCM. The percentages of the metal cations extracted 
from an aqueous solution to dichloromethane by these derivatives (3a, 9a, 9b and 9c, Fig. 1.9) 
aie listed in Table. 1.10.
(3a)R = Etyl 
(9a) R = Pyrrole 
(9b) R = Propyl 
(9c) R = Benzyl
Fig. 1.9. Structures ofp-^er^-butylcalix[4]arene amide derivatives.
R Li+ Na+ K’" Rb+ Cs"^ Si^ ""
Ethyl 62.5 95.5 73.7 24.0 11.8 86.3
Pyrrole 47.8 91.1 57.5 16.1 12.2 72.1
Propyl 71.6 95.0 79.6 33.3 9.7 78.5
Benzyl 36.5 79.8 56.1 14.4 11.5 27.9
Table 1.10. Extraction percentages of alkali-metal and strontium cations as picrates from 
water to dichloromethane by calix[4]arene amide derivatives (Fig. 1.9) at 298.15.^^
Data in Table 1.10 showed that these ligands have a maximum extracting affinity for Na^ 
relative to other metal cations given in this table. In addition, these ligands showed affinity 
towards alkaline-earth metal cation. Since the oxygen atoms in the lower rim are believed to 
be responsible for these extraction properties, the presence of the nitrogen donor atoms makes 
them able to extract soft and moderate metal cations such as A g\ Hg^^ and Pb^ "^  respectively.
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However, the presence of thioamide functional groups in the lower rim has induced its 
extractability towards other metal cations, in particular the soft ones (see Fig. 1,10).
100 1 
90 - 
80 - 
70 -
s© 60
50 - 
40 - 
30 
20 4 
10
0 Na"
H tetradiethyamide 
H tetradiethylthioamide
K" Mg'.2+ Ca" Pb.2+ Cd" Ag"
Fig. 1.10. Extraction percentages of selected metal picrates from water to dichloromethane by 
/?-?er^-butylcalix[4]arene tetradiethylamide and the corresponding thioamide.
It can be concluded from Fig. 1.10, that the presence of the thioamide functional group has 
decreased the % E for alkali and alkaline-earth metal cations with respect to the heavy and 
transition ones. Thus rendering it more selective, thus making it better extracting agents for 
toxic metal cations than the amide derivative.
Therefore, this demonstrates that modification of the lower rim of similar calixarene 
derivatives can alter their behaviour towards their guests.
A detailed study on the extraction of metal cations by calixarene derivatives has been recently 
carried out by Danil de Namor et taking into account all the processes occurring in the 
water -  organic phase system. It has been pointed out that when the extracting ability of the 
ligand towards different metal cations is discussed, knowledge about the ion-pair formation of 
the free and complexed salts is required. This will depend on the concentrations of the ligand 
and salt as well as the nature of the counter-ion used in these investigations.
25
Introduction__________________________________________________________________ CfiapterOne
As far as the p-ter/>butylcalix[4]arene tetraethylethanoate (Ib) is concerned, distribution and 
extraction data for alkali-metal picrates by this ligand in the water-DCM solvent system at
298.15 K is given in Table 1.11.
System Kex Kd
LiPi 3.1 X 10^ 4.1
NaPi 1.2 X lo"^ 7.4
KPi 8.3 X 10^ 11.9
RbPi 3.4 X 10^ 12.5
CsPi 4.8 X 10^ 12.9
Table 1.11. Distribution and extraction data for alkali metal picrates by lb  in the water-DCM 
solvent system at 298.15
More details about such extraction system and definition for the terms used is given in this 
work (Chapter III, section 3.8). However, Kd and Kex are the distribution and extraction 
constants, respectively.
The selectivity sequence observed in Kex values (Na  ^> K'*' > Cs""" > Rb’*' > Li’*') is not the same 
as that resulting from the joint contribution of the stability constant of the complex in the 
organic phase and the ion-pair formation constant between the complex cation with the anion 
in the water saturated organic phase. Therefore, it was concluded that the partition of the 
dissociated 1:1 electrolyte cannot be neglected in assessing the selectivity of extraction 
processes.
1.5.2. Ion selective electrodes (ISE)
The use of calix[n]arenes as ionophores incorporated into polymeric membranes has been 
widely applied with many derivatives targeting a variety of metal cations.*  ^The ester, ketone 
and amide derivatives of calix[4]arene which showed selectivity for the sodium cation 
relative to other alkali-metal cations have been used for the design of sodium selective 
electrodes by Diamond.^  ^The use of PVC membrane ISE for the detection of metal cations
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tetramethyl and tetraethyl esters as well as tetramethyl and ^butyl ketones have been studied, 
they show at least 100 times selectivity for sodium than for lithium, potassium, caesium and 
calcium.
Calixarenes containing soft donor atoms such as thioether^^ and thioamides^^ have shown to 
be good receptors for silver and lead and therefore these ligands have been used for the 
preparation of ion-selective membranes for the detection of these cations.
Furthermore, calixarene derivatives (Fig. 1.11) have been developed for silver(I) (10a and 
2jj)89.90, (lOb)^^ and recently mercury(II) (lOc)^^ -ion selective electrodes.
OH
COOK
(1 0 a)
OH
(10b)
OH
(1 0 c)
Fig. 1.11. Structures of calix[n]arene derivatives used as ionophores in ISE
In addition, Malinowska et reported calix[4]arene derived tetraester receptors
modified at their lower rim by polymerizable groups (Fig. 1.12 shows one example of these 
derivatives). These receptors showed no changes in their selectivity towards Na'*' as it was the 
case prior to the modification of their upper rim.^  ^ The results obtained revealed that all 
electrodes based on these calixarene derivatives performed with the theoretical slope for 
changes in the sodium ion activity.
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CHi :CH2
NH
CHz/ /CH/
Fig. 1.12. Calix[4]arene derived tetraester receptor modified at the lower rim by 
polymerizable groups.
1.5.3. Separation o f neutral organic molecules
Calixarenes are able to complex neutral organic molecules and this has led PeiTin and 
coworkers^  ^to use ^ -alkylcalixarenes for the separation of the isomeric xylenes. The most 
striking results concern the specificity of />-isopropylcalix[4] arene for /7-xylene and p- 
isopropyl-bis-homooxacalix[4]arene for o-xylene.
1.5.4. Recovery of uranium
It has also been shown by Shinlcai and co-workers^  ^that calixarenes enable the recovery of 
uranium. The hexaacid derivative (Fig 1.13) is the most effective extracting agent among the 
modified calixarenes. It extracts 97.4% and 99.8% of uranium from aqueous solutions at pH 
= 8.1 and pH = 10 respectively.
ÇH3 
_ (CH2)5 _
COOH
Fig.1.13. Calix[6]arene acid derivative used for the recovery of uranium
28
IntrocCuction Chapter One
1.6. Aims of the thesis
The presence of a vaiiety of calixarene derivatives is an advantage in terms of meeting different 
requirements and objectives in the wide field of chemistry. Drawing and designing specific and 
useful derivatives with selective behaviour is a ‘challenge’ that could be fulfilled with the aid of 
thermodynamics. Modifying and hence improving the recognition ability of these derivatives is a 
‘recreation’, and finally, incorporating these derivatives into industrial applications is the ‘target’. 
Therefore, the aims of this thesis are,
i. To synthesise and characterise lower rim calix[4]arene derivatives with soft binding sites in their 
lower rim, selective for toxic metal cations. Thus, ‘H NMR measurements at 298 K will be 
carried out to characterise these derivatives, to study their conformational properties in the free 
and complexed states and to identify the active sites of interaction of these ligands with a variety 
of metal cations and in some cases neutral molecules in solution.
ii. To determine the composition of the complex formed (metal-ion:ligand) in different non-aqueous 
media. Thus, conductimertic titrations are used at 298.15 K
iii. To characterise thermodynamically, using titration calorimetry, the complexation process 
involving ligands LI, L2, L3 and L4 (see Fig. 1.14) and metal cations in several non-aqueous 
solvents at 298.15 K.
iv. To study the medium effect on the complexation process. This will be assessed by calculating the 
transfer thermodynamic parameters of the reactants and the product taking part in the 
complexation process. Thus, determination of thermodynamic parameters of solution for these 
systems using calorimetry will be performed.
V. To isolate the crystals of the free and metal-ion complex when possible, in order to obtain 
information about their structures and behaviour in the solid state.
vi. To study the extraction ability of L3 with Ag^  (as picrates) in the water-DCM solvent system.
vii. To disperse L4 in a PVC membrane for the design of a mercury-ion selective electrode.
The presence of two sulphm* binding sites in both ligands L3 and L4, is expected to enable these 
ligands to recognise selectively toxic metal cations such as Hg^\ in the presence of alkali and 
alkaline cations. Ligands LI and L2 where investigated m this work for comparative purposes, where 
L3 possess pendant arms similar to LI and to a lesser extent to L2.
%s
L3
:=o
Fig. 1.14. Structures of LI, L2, L3 and L4.
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2, Experimental Techniques and Procedures
2.1. Chemicals used and their abbreviations
j9-^grr-Butylcalix[4]arene, 18-crown-6 99 %, anhydrous potassium carbonate, sodium hydride 
95 % pure, and ethyl bromoethanoate, were purchased from Aldrich Chemical Company. 
Magnesium sulphate, and sodium bicarbonate from B.D.H. Acetonitrile, (MeCN) HPLC 
grade, iV^ A’-dimethylformamide, (DMF) AR grade, dichloromethane (DCM), SLC grade, 
hexane (Hex), SLC grade, tetrahydrofuran (THF), HPLC and ethyl acetate, SLC grade were 
purchased from Fischer UK Scientific International. Ethanol (EtOH) 99.86 %, from 
HAYMAN Ltd. and 2-chloroethyl ethyl sulphide from Acros Organics.
Methanol HPLC (MeOH), n-butanol (w-BuOH), benzonitirle (PhCN), and nitrobenzene 
(PhNOi) were purchased from Fisher UK Scientific International. Propylene carbonate (PC) 
99.7 % packed under nitrogen, was purchased from Aldrich Chemical Company,
Deuterated chloroform, (CDCI3), acetonitrile, (CD3CN), methanol, (CD3OD), N,N- 
dimethylformamide, (C3D7NO), dichloromethane, (CD2CI2) and tetramethyl silane, (TMS), 
were all purchased from Aldrich Chemical Company.
All the metal-ion perchlorate salts investigated were purchased from Aldrich Chemical 
Company and dried for several days in vacuum under P4O10 before use.
Potassium chloride (KCl) 99 %, was purchased from Fisher UK Scientific International, tetra- 
n-butyl ammonium perchlorate (TBAP), electrochemical grade (> 99 %), from Fluka 
Chemical Company, tris(hydroxymethyl)aminomethane (THAM), ultrapure 99.94- %, and 
barium chloride, BaCl2, 99.99%, from Aldrich Chemical Company.
Picric acid (AR), was purchased from Merck. Picric acid stock solution (2 x 10"^  mol dm‘^ ) 
was prepared in water saturated with DCM. This solution was standardised with sodium 
hydroxide (NaOH) using phenolphthalein as the indicator.^"^
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2.2. Purification of solvents®^
Acetonitrile (HPLC) was purified by refluxing the solvent in a nitrogen atmosphere and 
distilled over calcium hydride. The middle fraction of the distilled solvent was collected and 
used.
N, A-dimethylformamide (AR) was purified by drying it for 12 hours over magnesium 
sulphate (MgS0 4 ), followed by distillation under reduced pressure. The middle fraction of the 
distilled solvent was collected and used.
Methanol (HPLC), ethanol (HPLC) 99.86 %, and propylene carbonate anhydrous 99.7 % 
packed under nitrogen, were used without further purification.
2.3. Synthesis and characterisation of lower rim calix[4]arene derivatives
2.3.1. Synthesis and NMR characterisation for 5, 11, 17, 23-tetra-tert-butyl[25, 26, 27, 28-
tetrakis(ethylethanoate)] -calix[4]arene, L I
C = 0
I .
CH3
LI
LI was prepared as described in the literature.^^ Into a dry 250 cm^ three-necked round 
bottomed flask equipped with a condenser and a calcium chloride drying tube, p-tert- 
butylcalix[4]arene (1.625 g, 2.5 mmol), 18-crown-6 (0.100 g, 0.4 mmol), and anhydrous 
potassium carbonate (1.6259 g, 12 mmol) were suspended in acetonitrile (100 cm^). Under 
vigorous stirring, ethyl bromoethanoate (1.4 cm^, 12 mmol) was added to the mixture from a 
glass syringe through a seal septa surba and the reaction mixture was refluxed at 85°C for a 
period of 12 hours. The synthetic procedure is shown in Scheme 1.
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18-crown-6 / K2 CO3  ^
MeCN/ 80°C
+ BrCHaCOOCHsCHs
OH
L
CH3
LI
Scheme 1. Synthetic procedure used for the preparation of LI.
The reaction was monitored by TLC using hexane:ethyl acetate (4:1) mixture as the 
developing solvent system. After cooling, the solvent was removed under reduced pressure. 
The solid afforded was dissolved in dichloromethane, extracted with a saturated solution of 
sodium bicarbonate and then with distilled water. The organic phase was separated and dried 
with magnesium sulphate, then filtered. The dichloromethane was removed by rotary 
evaporation and the solid obtained was recrystallised from hot ethanol. The mixture was left 
overnight and the crystals (needles) obtained were dried under vacuum at 100°C over calcium 
chloride. The product was obtained in 85 - 88% yield.
‘H-NMR (300 MHz) (CDCI3) 5h 1.07 (s. C(C%)3), 1.28 (t, CH2CH3), 3.19 (d, ArCHe,Hax), 
4.21 (q, CHjCHs), 4.80 (s, OCH2), 4.85 (d, ArCHeqHax), and 6.77 ppm (s, ArH).
Elemental analysis; calculated %, C, 72.55, H, 8.12; found %, C, 72.40, H, 8.18.
2.5.2. Synthesis, and NMR characterisation of 5, 11, 17, 23-tetra-tert-butyl[25, 26, 27, 
28~tetraJds(methylketonemethoxy)]-calix[4]arene, L2.
CH3
L2
L2 was synthesized and characterized at the Thermochemistry Laboratory.59
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2.3.3. Synthesis, and NMR characterisation o f 5, 11, 17, 23~tetra-tert-butyl[25, 27- 
his(hydroxy)-26, 28-his(ethylthioethoxy)]-calix[4]arene, L3
ÇH2
CH]
OH
L3
L3 was prepared from j3-^er^butylcalix[4]arene (1.63 g, 12 mmol), 18-crown-6 (0.10 g, 0.4 
mmol), anhydrous potassium carbonate (1.625g, 12 mmol) and acetonitrile (200 cm^). The 
resulting suspension was stirred for 30 minutes.
2-Chloroethyl ethyl sulfide (1.10 cm^, 9.2 mmol) was added and the reaction mixture was 
stirred and heated gradually until 85°C at which it was refluxed for a period of 12 hours under 
vigorous stirring. The synthetic procedure is shown in Scheme 2.
+ a^CHzSCHzCH]
OH
18-crown-6 /K 2 CO3
OH
L3CH2
CH3
Scheme 2. Synthetic procedure used for the preparation of L3.
Afterwards, the same procedure outlined for the preparation of L I was used and the solid 
obtained was recrystallised from hot ethanol. The crystals isolated were dried in a piston drier 
under vacuum at 100°C over calcium chloride. L3 was obtained in 70-75% yield, melting 
point 128 -  130°C.
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'H NMR (300 MHz) (CDCI3) 8h 7.06, 6.75 (s, ArH), 6.99 (s, ArOH), 4.28 (d, J = 4.4 Hz, 
ArCHeqH,,), 4.11 (t, J = 2.5 Hz, OCH2CH2S), 3.33 (d, J = 4.4 Hz, ArCH^qHax), 3.09 (t, J =
2.4 Hz, OCH2CH2S), 2.69 (q, J = 2.5 Hz, SCH2CH3), 1.32 (t, J = 2.5 Hz, SCH2CH3) and 1.29, 
0.98 ppm (s,C(CH3)3).
"C  NMR (300MHz) (CDCI3) 5c 150.72, 149.88, 147.08, 141.68, 132.56, 128.03, 125.70, 
125.25 (Ar), 75.86 (OCH2CH2S), 34.09, 34.03 (C(CH3)3, 31.84 (OCH2CH2S), 31.90, 31.18 
(C(CH3)3, 30.90 (ArCHjAr), 26.78 (SCH2CH3), and 15.21 ppm (SCH2CH3).
Elemental analysis, calculated % C, 74.79, H, 8.87; found % C, 74.85, H, 8 .8 6 .
2,3.4. Synthesis, and NMR characterisation o f 5,ll,17,23-tetra-tert-butyl[25,27- 
bis(ethylethanoate)oxy-26,28-bis(ethylthioethoxy)]-calix[4]arene, L4
L4
L4 was prepared from L3 (4.00 g, 4.85 mmol) and sodium hydride 95% pure (1.20 g, 0.5 
mmol) in tetrahydrofuran. The mixture was stirred under a nitrogen atmosphere for 30 
minutes. Ethyl bromoethanoate (3.5 cm^) was added and the mixture was refluxed at 65®C for 
12 hours. The synthetic procedure is shown in Scheme 3.
N aH / T H F / 65 °C
-"2
L4
OH
?CHz
CHs
? V
CHz CHz
CHz C= 0
9
CHz CHz
cm CHz
Scheme 3. Synthetic procedure used for the preparation of L4.
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Afterwards, the same procedure outlined for the preparation of LI was used. The oily product 
was recrystallised fi'om hot ethanol. The crystals obtained (very fine needles) were dried at 
100°C under vacuum and calcium chloride. L4 was obtained in 60-65 % yield; melting point 
174-176'^C.
‘H NMR (300 MHz) (CDCI3) 5h 6.58, 6.38 (s, ArH), 4.53 (d, J = 4.2 Hz, ArCH«,Hax), 4.52 
(s, OCH2 COO), 4.28 (q, J = 2.4 Hz, COOCH2 CH3 ), 4.16 (t, J = 2.7 Hz, OCH2 S), 3.22 (t, J = 
2.2 Hz, OCH2 CH2 S), 3.18 (d, J = 4.2 Hz, ArCHe,H.x), 2.65 (q, J = 2.4 Hz, SCH2 CH3 ), 1.32 
(t, J = 2.4 Hz, COOCH2 CH3 ), 1.29 (t, J = 2.4 Hz, SCH2 CH3 ), and 1.23, 0.91 ppm (s, 
C(CH3)3).
"C NMR (300 MHz) (CDCI3 ) 8c 169.86 (OCH2COO), 153.89, 152.46, 145.31, 
145.17,134.94. 132.49, 125.63, 125.21 (Ar), 74.12 (OCH2 CH2 S), 72.23 (OCH2 CH2 S), 60.97 
(OCH2 COO), 34.20, 33.89 (C(CH3 )3 , 31.80, 31.55 (C(CH3 )3), 31.38 (COOCH2 CH3 ), 31.19 
(ArCHîAr), 26.36 (SCH2 CH3 ), 15.47 (COOCH2 CH3 ), 14.54 (SCH2 Œ 3 ).
Elemental analysis, calculated % C, 72.25, H, 8.49; found % C, 72.35, H, 8.47.
2.4. Solubility measurements
The solubility, s (mol dm'^) of ligands (L = L3 and L4) in several non-aqueous solvents at
298.15 K, were determined by preparing saturated solutions of these ligands, and keeping 
them in a thermostated bath at 298.15 ± 0.05 K for several days, to ensure that equilibrium 
was attained between the solid (sol) and its saturated solution (s), (eq. 2.1).
L { s o l . ) -----—— > L ( j )  eq.2 .1
In eq. 2.1, K is the thermodynamic equilibrium constant for the process.
Measured aliquots of the saturated solution were placed into pre-weighed porcelain crucibles. 
Carefully, the solvent was evaporated using a hot plate. The crucibles with the solid left inside 
were kept in a desiccator under calcium chloride to reach room temperature. They were 
weighed for several days until constant weight was recorded. Separate blank experiments 
were carried out to ensure the absence of any involatile material in the pure solvent. All 
analyses were carried out in triplicate.
Solvate formation was checked, by placing a known amount of the ligand on a watch glass for 
several days over the appropriate solvent placed at the bottom of a closed desiccator, to ensure 
a saturated atmosphere of the solvent.^®
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2.5. NMR Measurements
2.5.1, NMR Measurements
This technique was used to characterise the new lower rim calix[4]arene derivatives, to 
provide information about the metal-ligand and solvent-ligand interactions, sites of 
coordination, and conformational changes of the ligand upon complexation with its guest. All 
measurements were carried out at 298 K.
The complexation behaviour of the ligands towards metal cations and solvent molecules of 
interest, was studied by adding known concentrations of the guest solution into the NMR tube 
containing a known concentration of the ligand dissolved in the appropriate solvent. Stepwise 
additions of the guest solution were made and chemical shifts were recorded, thus changes in 
the chemical shifts were calculated.
These measurements were conducted on a Bruker AC-300E pulse Fourier Transform NMR 
Spectrometer. The operating conditions for NMR measurements were as follows; ‘pulse’ 
or flip angle of 30°, spectral frequency, 300.135 MHz, spectral width, 15 ppm, recycle delay 
time, 1.62 s, acquisition time, 1.819 s and line-broadening, 0.55 Hz; or 2) a Bruker DRX-500 
pulse Fourier Transform NMR Spectrometer. The operating conditions for ^H NMR 
measurements were as follows; ‘pulse’ or flip angle of 30°, spectral frequency, 500.150 MHz, 
spectral width, 20.65 ppm, recycle delay time, 0.3 s, acquisition time, 3.17 s and line- 
broadening, 0.3 Hz. Solutions of the samples of interest were prepared in 0.5 and 1 cm^ for 
the Bruker 300.135 and 500.150 MHz respectively, in the appropriate deuterated solvent and 
placed in 5 mm NMR tubes using TMS as internal reference.
2.5.2. NMR Measurements
This technique was used to characterize the new lower rim calix[4]arene derivatives. The 
operating conditions for NMR measurements were as follows; spectral frequency, 75.469 
MHz, spectral width, 301 ppm, delay time, 0.279 s, acquisition time, 0.721 s and line- 
broadening, 1.4 Hz. In all samples, proton and carbon chemical shifts are quoted relative to 
TMS.
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2.6. Conductimetric Measurements
Conductance measurements were performed in order (i) to investigate the solution properties 
■ (ion-pair formation) of bivalent metal cations concerned, in acetonitrile, methanol and N,N- 
dimethylformamide at 298.15 K, (ii) to provide information regarding the stoichiometry of the 
complex formed between various metal cations and ligands (L3 and L4) in acetonitrile, 
methanol, AjN-dimethylfbrmamide and propylene carbonate at 298.15 K.
The complexation process involving these macrocycles (L = L3 or L4) and the metal cations 
investigated in the solvent of interest, (5), is described in eq. 1.1.
2.6. L Apparatus. The Conductimeter
A Wayne-Kerr Autobalance Universal Bridge type B642 was used for conductimetric 
measurements.^^
The Wayne-Kerr meter was connected to a Russel type glass bodied platinum electrode 
housed in a cylindrical thermostated glass vessel where the reaction takes place at 298.15 ± 
0.05 K. The temperature was controlled by a thermostated bath. The vessel was mounted on a 
stand with a magnetic stirrer, which enables the solution to be stirred throughout the 
experiment.
Accurately weighed solutions of the titrant were injected into the vessel by means of a 
hypodermic syringe through a small hole in the vessel lid.
During the conductance measurements, the reciprocal of the resistance, S (O'^), readings were 
displayed on the meter. For a platinum electrode of cell constant 6 (cm"^), the conductivity, 
K cm‘^ ), is given by eq. 2.2, and therefore, the molar conductance, Am (S cm^ mol'^) was 
calculated from eq. 2.3.
K = S 'x-6 eq.2,2
5* X <9x1000A ^  = ----------------------- eq.2.2>c
In eq. 2.3, a (mol dm'^) is the concentration of the electrolyte in the vessel.
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2.6.2. Determination o f  the cell constant
The cell constant 6 (cm‘ )^ of the conductivity cell was determined according to the method 
described by Jones and Bradshaw.
Therefore, potassium chloride (KCl) was recrystallized Jhom deionised water, dried for three 
days at 120 °C and an aqueous solution was prepared. Initially, the conductivity of freshly 
deionised water was measured at 298.15 K, and conductance readings were recorded after 
each injection of KCl solution.
The cell constant, 6, was derived by calculating the molar conductance. Am (S cm^ mof^), 
using the equation of Lind, Zwolenikand Fuoss (eq. 2.4).^°^
= 149.93 -  94.65c^^  ^+ 58.74c loge + 198.4c eq.l.A
In eqn. 2.4 c (mol.dm’^ ), was the molar concentration of KCl solution in the vessel.
The molar conductances of KCl solution were used to calculate the cell constant 0 (cm‘ )^, 
using eq. 2.5.
2.51000 X 5
2.6.3. Conductance measurements o f metal-ion salts at different concentrations
The 'Onsager' equation (eq. 2.6), was used to determine the concentrations at which the free 
salts behave as strong electrolytes (ions predominate over ion-pairs in solution) in the solvents 
investigated.
In these experiments the reaction vessel was filled with the solvent under investigation (25 
cm^), the conductivity cell was immersed in the vessel and the system was left for 30 minutes 
to reach thermal equilibrium. The solution of the metal-ion perchlorate was prepared in the 
same solvent of interest (~ 1 x 10'  ^mol dm'^) and added step-wise into the free solvent in the 
reaction vessel. After each addition, conductivity readings were recorded. Corresponding 
molar conductance values, Am (S cm^ mol'^) were calculated (eq. 2.3) and plotted against the 
square root of the ionic strength, (mol^^  ^dm"^ ^^ ), of the electrolyte (eq. 2.6)
A,„ = Aq -  a 4 Ï  eq.2.6
In eq. 2.6, A q (S cm^ mol"^), is the limiting molar conductance at infinite dilution and ^  is a 
constant.
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2.6.4. Conductimetric titrations o f the metal-ion salt with the ligand
Solutions of the metal-ion salt ( -2  x 10"^  mol dm'^) and the ligand (~ 1 x mol dm'^) were 
prepared in the same solvent, A 25 cm  ^aliquot of the former was placed in the thermostated 
reaction vessel and left for 30 minutes to reach thermal equilibrium. The ligand was added in 
steps into the vessel. Stable conductivity readings were taken after each addition and molar 
conductance values were calculated.
Plots of molar conductance, Am (S cm  ^mol'*) vs. the ratio of concentration of ligand to metal 
cation, [L]/[M”^ J, gave an indication about the stoichiomerty of the process and provided 
semi-quantitative information about the strength of the complexes formed.
2.7. Calorimetric Measurements
Calorimetric titration techniques were used to obtain the standard enthalpy of complexation, 
AcH°, and the stability constant, (as log Ks), thus, to calculate the standard Gibbs energy, AcG° 
and the entropy, AcS° for the complexation process between LI, L2, L3 and L4 and the metal 
cations under investigation in the solvent of interest at 298.15 K.
Two types of calorimeters were used, the Tronac 450 (macrocalorimeter) and the 2277 
Thermal Activity Monitor (microcalorimeter).
2.7.1. The Tronac 450 calorimeter
The Tronac 450 calorimeter is a commercial version of the solution calorimeter designed by 
Christensen and Izatt'®^ , (Fig. 2.1). It is an isoperibolic calorimeter that consists of a silvered 
glass Dewar reaction vessel (50 cm )^ and a glass burette (2 cm )^ connected to the vessel by a 
silicone tube. The solution in the vessel was continuously stirred during the titration by means 
of a stainless steel stirrer.
The vessel, the burette and the titrant line were all submerged in a constant temperature water 
bath at 298.15 K.
The solution of the metal-ion salt was placed in the burette and titrated into the vessel. The 
resulting temperature change in the reaction vessel is sensed by the thermistor, and converted 
to a corresponding voltage in a Wheatstone bridge circuit. This voltage is amplified in an 
amplifying circuit and recorded on a strip-chart recorder to obtain a thermogram.
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Isoperobol Electronic
Fig. 2.1. The Tronac 450 calorimeter.
2.7.1.1. The thermogram
The thermogram is a plot of temperature versus moles of titrant added during the titration.
A typical thermogram of an exothermic reaction in a titration involving only one addition of 
the titrant is shown in Fig. 2.2.
EI
Time (s)
Fig. 2.2. A typical thermogram curve for an exothermic reaction.
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The region firom A to B is the initial period (pre-reaction period) in which the reaction is in 
theimal equilibrium. The titration is carried out at point B and stopped at C, this period from 
B to C is the main period or the reaction period where heat is evolved. Afterwards, the final 
period or post-reaction period is reached where the curve become linear (from C to D).
In both region A to B and C to D there is a small and constant heat loss which result from 
stirring, the thermistor and the heat leaks.
2.7.1.2. Calculation o f the Thermogram. The Dickinson‘s method^^^
The method used for the calculation of the temperature change obtained in the reaction was 
the graphical extrapolation based on Dickinson’s method.
The rate of heat produced during a reaction is truly exponential, the mean temperature of the 
reaction period, T, will occui* at a certain time. Therefore, the linear parts, A to B and C to D 
of the thermogram were extrapolated to the time when 63% of the total heat was evolved 
(0.63% = 1 -  1/e). Thus, the corrected temperature change, dc is 0.63xAT, where AT is the 
total temperature rise in a strip chart units (mm).
In an electrical calibration experiment, the heat evolution is usually linear with time, and the 
extrapolation in this case was carried out using the time at which half the temperature rises 
(50%), 4  is 0.5xAT.'
2.7.1.3. Calibration o f the Tronac 450 
Û) Calibration o f the burette^^"^
The burette was calibrated by determining its delivery rate. The burette was filled with water 
ensuring the absence of air bubbles in the burette and titrant line. The water was delivered 
over various and accurately measured time intervals and collected in a pre-weighed vessel (5 
cm^).
The weight collected at each run was measured. Knowing the density of water to be 0.997 
g/cm^ at 298.15 the burette delivery rate, BDR, was calculated using eq. 2.7.
WtBDR = eq.1.1p x t
In eq. 2.7, Wt (g) is the weight of water collected in each run, p (g/cn^) is the density of water 
and t (sec) is the time for a single run.
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(it) Standard reaction^^ '^^ ^^
The determination of the enthalpy of protonation for tris(hydroxymethyl)aminomethane, 
THAM, in 0.1 mol dm'  ^ HCl at 298.15 K, was used as a standard reaction to check the 
accuracy and reproducibility of the equipment.
a) For titration experiments/^^ THAM was ground and dried overnight at 393 K, a solution 
was prepared in distilled water, filled in the burette and titrated into the reaction vessel 
containing a solution of HCl (50 cm ,^ 0.1 mol dm"^ ). The heat of the reaction, Qr, was 
corrected for the heat of hydrolysis of THAM in water Qh, and for the heat of dilution Qd in 
HCl as given in eq. 2.8.
G = 6  - e , - e ,  ^9.2.8p r h d 
In this equation, Qp is the heat of protonation of THAM.
Thus, the standard enthalpy of protonation, ApH®, is calculated according to eq.2.9.
o Q pA pH  = ----- eq.2.9n
In eq 2.9, n is the number of moles of THAM added in each titration step.
b) For the calorimetric determination of the standard enthalpy of solution by breaking glass 
amp ou l es , a  weighed amount of THAM (0.01 -  0.06 g) was filled in a glass ampoule, 
sealed with silicon rubber and placed into a stainless steel basket. Then, it was placed on a 
plunger in the reaction vessel filled with an aqueous solution of HCl (50 cm ,^ 0.1 mol dm‘^ ). 
When thermal equilibrium was reached, the ampoule was broken and the heat recorded. The 
correction for the heat evolved from breaking an empty glass ampoule in water was 
negligible.
All calibration data are discussed in section 3.6.1.
(Hi) Electrical calibration)^^
To calculate the heat values, jg, from the set of data obtained in a calorimetric titration, using 
eq. 2.10, the energy equivalent of the reaction vessel and contents, e, was determined by 
electrical calibration.
Q ~ e y . d c  2.10
This was performed before and after each titration experiment by introducing a constant 
current through a resistance heater over a measured period of time, t (sec). During this time 
interval, the potential across the standard resistance and the reaction vessel resistance heater,
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Vj and V2 respectively, were measured. From this experimental data, s is calculated using eq. 
2 . 11.
Vi X X te =     eq.2.11R X d Q
In eq. 2,11, R = 100.02 Q is the calorimetric internal resistance and de is the corrected 
temperature change.
Therefore, the molar enthalpy change for a titration run is calculated using eq. 2.12.
A H  =  —  6^ .2.12n
In this equation, n, is the number of moles of the titrant added in each step.
2.7.1.4. Titration experiments
For stability constants lower than 10^  (log Kg < 6), direct calorimetric titration was applied. A 
solution of the metal-ion salt (concentration range, 3.0 x 10'^  to 7.0 x 10"^  mol dm'^) was 
prepared in acetonitrile, placed in the burette, and titrated into the vessel containing a solution 
of the ligand (L = LI, L2, L3 or L4) (50 cm ,^ concentration range, 9.0 x 10"^  to 2.0 x 10“^ 
mol dm'^) prepared in the same solvent.
For stability constants higher than 10® (log Ks > 6), competitive calorimetric titration was used 
to calculate the thermodynamic parameters for the process given later on in Chapter III, 
section 3.5.2. Similar concentration ranges as given above for the metal-ion salt and the 
ligand, were considered in this method.
For this purpose, a solution of the complex (stability constant and enthalpy of complexation 
were well established) was prepared in acetonitrile with an excess of the metal cation salt in 
the vessel (known amount to ensure that equilibrium was favourable for the formation of the 
complex) and was titrated with a solution of metal cation in the burette. The equilibrium 
constant, and the standard enthalpy of complexation were determined for this process as 
discussed later on (Chapter HI, section 3.5.2.).
The measured heat in each titration step (direct and competition) was directly related to the 
complexation enthalpy, AcH°. The standard Gibbs energy, AcG°, and entropy of complexation, 
AcS°, were calculated from eqs. 2.13 and 2.14, respectively.
A,G” = -i? rin K , e^.2.13
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e^.2.14
In eqs. 2.13 and 2.14, T is the absolute temperature in Kelvin.
2.7.1.5. Determination o f standard enthalpy of solution
To measure tiie enthalpies of solution, AgH (kj mol'^) of the ligand (L3), metal-ion salt 
[Hg(C104)2] and the metal-ion complexes [L3Hg(C104)2, L3AgC104 , L4Hg(C104)2 and 
L4AgClÛ4] at different concentrations (1x10"  ^ to 1x10'  ^ mol dm"^ ), glass ampoules were 
filled with different amounts (at least five ampoules) of the corresponding compound and 
sealed. These were then placed in the reaction vessel as described in section 7.1.3 b. Once 
thermal equilibrium was attained, the ampoule was broken by means of the plunger and the 
resulting temperature changes were recorded. After each experiment, electrical calibration 
was performed. The heat of solution was calculated by subtracting the heat of breaking of the 
empty ampoule from the total recorded heat. When L3 and L4 metal-ion complexes were 
investigated, these experiments were performed in the presence of an excess of the ligand 
dissolved in the reaction vessel in order to ensure that no dissociation of the complex would 
occur during these measurements.
2.7.2. The 2277 Thermal Activity Monitor
The Thermal Activity Monitor (TAM) is a four-channel microcalorimeter designed to observe 
and quantify both exothermic and endothermie processes. It utilizes the ‘Heat Flow’ or ‘Heat 
Leakage’ principle measurements in an isothermal system (Fig. 2.3).^ ^®
A digital voltmeter (DVM) in-built on the protective cover of the equipment enables the 
operator to continuously monitor the conditions of the equipment.
The microcalorimeter was connected to a personal computer, where the software Digitam 1.4 
for windows was installed .T his enabled the operator to access and follows all necessary 
information and status of the equipment and reactions taking place.
The thermal stability of the equipment was achieved due to the stability of the heat sink that 
surrounds the calorimetric channel (Fig. 2.4).
The heat sink is formed by a closed 25 litres thermostated bath maintained at ± 1 x 10"^  K 
within the working range of the thermostat 278.15 -  353.15 K, to allow fractions of microwatt
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to be m easu red .W ater is continuously circulated into the system by means of a pump, 
using an outer water bath as cooler, connected to the water circulation system of the 
equipment. The stability of the water thermostat system at 298.15 K is indicated by the 
display of a continuous green ‘Ready’ light.
The measuring cylinder housed in the heat sink, with its amplifier, forms a measuring 
channel. Measurements in one of the cylinder takes place in a measuring cup positioned 
between a pair of thermopile blankets, called ‘Peltier Elements’ heat sensors. These sensors 
are in contact with the metal heat sink. The heat produced in the reaction vessel, which is a 
perfusion vessel (Fig. 2.5),^^  ^tends to flow away from the vessel to reach thermal equilibrium 
with its surroundings, thus passing through the Peltier elements.
These heat detectors convert the heat energy into a voltage signal proportional to the heat 
flow. Resulting data were presented as a measure of the thermal energy produced by the 
sample per unit of time. This thermal energy was derived from the Tian’s equation}^^
Fig. 2.3. The four channel calorimeter, a, electric console; b, inner lid; c, outer lid; d, water 
bath; e, twin calorimeter; f, pump outlet tube; g, polyurethane foam insulation; h, centrifugal 
pump.
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(CB)
—b
Fig. 2.4. Twin calorimetric channel. C and E are main heat sinks and D is the twin 
calorimetric unit, a and g, Ryton connecting tubes; b, lid; c and d, steel tubes; e, steel lid; f, 
steel vessel; h, i and j, aluminum blocks; k, steel spring; 1, ampoule holder; m, Peltier 
elements; n, calibration heater.
(a)
Fig. 2.5. The titration-perfusion vessel (a) and vessel in measurement position (b). C and E 
heat sinks (see Fig. 2.4); a, titration tube; b, stirrer motor; c, plastic tube; d, steel tube; e and f, 
brass bolts; g and h, sample compartment; i, aluminum cylinder. Arrows numbered 1, 2 and 3 
respectively indicate the three-thermostating positions, at which the vessel is lowered 
gradually to attain thermal equilibrium prior to initiate titration experiments.
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2.7.2.1. Calibration o f the Thermal Activity Monitor
(i) Electrical Calibration^
It consist of two parts:
a) Static calibration.
Each amplifier has full-scale deflection ranges of 3, 10, 30,100, 300,1000, 3000 pW. During 
calibration, a known current was passed through the channel heater resistor built into the 
measuring cup of each measuring cylinder.
The resistor of a known value (given above) was activated and a rise in microwatts was 
observed until a steady state was reached at the point where there was a full-scale deflection 
of the amplifier. The ‘zero’ and full-scale’ reading of the amplifier was controlled and 
calibrated by adjusting to this value, the control keys ‘Zero’ and Fine’ on the amplifier control 
panel located on the protective cover.
b) Dynamic calibration
This was performed by means of a microprocessor, which provides automatic dynamic 
correction, and filtering of the signal output. During the dynamic correction, the time 
constant, static gain and zero offset were stored in memory.
Thus, the calorimetric response to any thermal event was compared to the information in 
memory and a dynamic correction of the signal was made.
('ii) Chemical calibration^
The experimental procedure described in this section was performed to check the repeatability 
and reproducibility of the equipment.
The method used was well established by Briggner and Wadso^^  ^ for the complexation 
process of 18-crown-6 with barium chloride (BaCb) in aqueous medium at 298.15 K.
The reaction vessel was charged with an aqueous solution of 18-crown-6 (2.8 cm )^ and about 
14 injections were made with the aqueous solution of BaCb in the Hamilton syringe.
A separate dilution experiment was performed and the overall heat was corrected for this 
value to obtain the heat of complexation. The stability constant and the enthalpy of 
complexation as well as dilution were calculated using the Digitam 1.4 software.
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2.7.2.2. Calibration o f the Hamilton gas-tight syringe^^^
The Hamilton syringe (capacity 0.5 cm )^ was calibrated by accurately measuring the weight 
of water delivered at constant time interval.
Distilled water was charged in the syringe, driven by an electrical motor, the water was 
delivered into a pre-weighed vessel sealed vial through the use of a hypodermic syringe. After 
each injection, the mass of the water was determined to five decimal places in an electronic 
balance. The calibration result obtained for one Hamilton syringe used in part of this work is 
given in section 3.5.2.3.
2.7.2.3. Titration experiments^
The reaction vessel was charged with a solution of the ligand (2.8 cm ,^ concentration range 
6.0 X 10"^  to 1.5 X 10'^  mol dm“^ ) prepared in the appropriate solvent. The metal-ion salt 
(concentration range 1.4 x lO'^  to 3.5 x 10'^  mol dm'^) was injected incrementally using a 0.5 
cm  ^gas-tight motor driven Hamilton syringe. In each titration experiment about 20 injections 
were made at time intervals of 30 -  50 minutes. Corrections for the enthalpy of dilution of the 
titrant in the solvent were carried out in all cases. A computer programme for TAM (Digitam 
1.4 for Windows) was used to calculate the log Kg and the AcH° values for the process being 
studied.
The same methodology described previously in section 2.7.1.4 for the direct and competitive 
titrations, was used in the microcalorimetric titrations.
2.8. Potentiometric measurements
In this work, the potentiometric technique using silver electrodes was used to determine the 
stability constant of ligands of interest with metal cations under investigation, using two 
titration methods:
i) Direct potentiometric method for the determination of stability constant of L3 and L4 
with the silver cation (Ag^) (as perchlorate) in acetonitrile, methanol and 
dimethylformamide at 298.15 K.
ii) Competitive potentiometric method for the determination of the stability constant of L4 
with sodium and lithium as perchlorates in acetonitrile at 298.15 K.
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This titration involved L4 and two metal cations, one of them was the silver cation to which 
the electrodes respond, and the other one was the metal cation under investigation (Na^ and 
Li"*" as perchlorates).
This method was used by Cox and Schneider. These authors established four conditions for 
measuring the stability constant of macrocycles (cryptands) with metal cations in non- 
aqueous solvents, which are:
1. The stability constant of ML"  ^should be lower than that of AgL^ and must be more 
than one or two orders of magnitude in terms of log Kg.
2. For stability constant larger then 10^  (log K® > 7), the metal ion should be titrated into 
the vessel containing a solution of Ag  ^and the ligand under investigation.
3. Titrations are preferably performed in the presence of an inert salt.
4. The presence of ion-pairs should be considered when working with alkaline-earth 
cations.
2.8.1, Apparatus
The electrochemical cell used (eq. 2.15) consisted of (i) two silver electrodes (silver rods), (ii) 
working (vessel 1) and (iii) reference electrode (vessel 2) (see Fig.2.6). Each half-cell was 
immersed in separate jacket-thermostated glass vessels containing silver cation solutions, 
maintained at 298.15 ± 0.05 K using a thermostated bath. A salt bridge containing tetra-n- 
butylammonium perchlorate (TBAP) joined the two half-cells to allow the flow of ionic 
charge between the electrolyte solutions in vessels 1 and 2. The same concentration of TBAP 
(0.05 mol dm'^) was used to prepare all solutions in these titrations to ensure a constant ionic 
strength. The two electrodes were connected to a digital micro-processor pH/mV-meter 
CAMLAB model HI 8417, used to measure the potential changes during the course of the 
titration. The volume of the titrant was added by a micropipette.
The electromotive force (emf) of this cell is a measure of the difference in potential between 
the working electrode (whose potential depends on the metal cation activity ( ) in
solution), and the reference electrode (constant potential). The changes in emf observed 
during the titration experiments are due to the potential changes of the working electrode.
Ag/Ag^, X mol dm'V/ 0.05 mol.dm'^ (TBAP)// 0.01 mol dm' ,^ Ag^Ag eq. 2.15
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Silver rod
M agnetic stirrer
Voltmeter
I  Salt bridge
Fig. 2.6. Electrochemical cell
2.8.2. Calibration o f the reference silver electrode
This experiment was performed prior to each titration in order to check the performance and 
reliability of the electrode by evaluating the slope, intercept and the linearity of the Nemst 
equation (eq. 2.16).
RT a E = E°m"*!m 4-2.303— log,»nF a gg.2.16M
In eq. 2.16, E°m'>*im in the standard electrode potential (a =1 mol dm"^), R is the gas constant 
(8.314 J mof^ K'^), T is the temperature in Kelvin (K), F is the Faraday constant (96487 C 
mol" )^ and n is the number of electrons in the redox process. and aj^ are the activities of
the metal cation and the metal {a^=V),  respectively.
Vessel 2 (Fig. 2.6) containing the reference electrode was filled with a solution of silver 
perchlorate AgC1 0 4  (10 cm^, 4 x 10'"^  - 2 x 10'  ^ mol dm'^) and that containing the working 
electrode (vessel 1) was filled with a solution of TBAP (10 cm^, 0.05 mol dm'^). The system 
was left for 30 minutes before initiating the titration in order to attain thermal equilibrium. A 
solution of silver perchlorate (0.05 cm^, 4 x lO'"^  - 2 x lO"^  mol dm"^) prepared in the 
appropriate solvent was incrementally added into vessel 1. Stable potential readings were
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recorded after each addition. The Nemstian behaviour was observed from a plot of potential 
(E, mV) against the logio[Ag^].
2.8.3. Potentiometric titrations
Direct potentiometric titration was used for the determination of stability constant of L3 and 
L4 with Ag"^  (as perchlorate) in different solvents. The ligand (L3 or L4) solution (1 x 10'  ^~ 
4 X 10'  ^mol dm'^) was prepared by dissolving the ligand in a TBAP solution (0.05 mol dm'^) 
prepared in the appropriate solvent.
Having performed the calibration of the working electrode in vessel 1 (see section 8.2), 
subsequently the ligand solution was titrated into this vessel allowing the formation of the 1:1 
complex (AgL3^ or AgL4^). Stable potential readings were taken after each addition of the 
ligand; data were collected and used for the calculation of the stability constant of AgL3^ and 
AgL4'^ complexes in the corresponding solvents at 298.15 K.
A second titration (competitive method) was carried out, in which a solution of the cation 
(Na"** or Li^) (3 x 10'  ^-  5 x mol dm* )^ was added to the same vessel (1) containing the 
AgL4‘'' complex (where a competitive reaction takes place between Ag"*” and the other metal 
cation over L3, resulting in the formation NaL4"  ^ or LiL4^ complexes). This competitive 
titration was accompanied by a change in the potential, which was recorded and used for the 
calculation of the stability constant of the NaL4 or LiL4*^  complexes in acetonitrile at
298.15 K. All stability constant calculations were performed using the Hyperquad 
programme.^
2.9. Preparation and isolation of metal-ion calix[4]arene complexes
Stoichiometric quantities of the metal-ion perchlorate salt and the appropriate ligand 
dissolved in the solvent of interest were mixed. These were left for several days at room 
temperature until crystals were formed. For the silver(I) complex with L3 recrystallised from 
MeOH, the silver perchlorate was added in a 1:3 stoichiometric ratio (L3:Ag^) and the 
solution was refluxed, upon cooling at room temperature, crystals have formed. The crystals 
were isolated, and elemental analysis was carried out at the University of Surrey.
51
ExperimentaC nicâniques an d  (Procedures chapter ^ wo
2.10. X-ray crystallography
Molecular structures of, (i) the complexes of L I  with lead(II) and cadmium(II) as perchlorates 
recrystallised from MeCN, (ii) L3 complexes with mercury(II) as perchlorate recrystallised 
from MeCN and MeOH, (iii) L3 recrystallised from DCM and its complex with silver as 
perchlorate from MeOH, (iv) L4 recrystallised from MeCN and DMF, (v) L4 complexes with 
sodium and lead(II) as perchlorates recrystallised from MeCN; were determined by X-ray 
diffraction data at the Universidad de Sao Paulo, Brazil, by Prof. Eduardo E. Castellano and at 
the Universidad Nacional de La Plata by Dr. Oscar E. Piro.
Crystal data, data collection procedure, structure determination methods, and refinement 
results for the compounds given above are summarised in Tables 2.1, 2.2, 2.3, 2.4 and 2.5, 
respectively.
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Empirical formula Cô8H92CdCl2N4O20 C72Hi04Cl2N6O22PbFormula weight 1468.76 1683.70
Temperature (K) 120(2) 120(2)
Low-temperature device Oxford Cryosystems
Cooling rate 200 K/h
Diffractometer/scan KappaCCD/(p and CO
Radiat., graph, monochr. MoKa, ^=0.71073 Â
S range for data coll. 3.22 to 25.00° 1.22 to 24.80°
Index ranges - 2  4 ^ h < 2 4 , - 2 3 < k < 2 3 , - 4 1 ^ 1 < 4 1 - 1 9 < h < l 9 , - 1 6 < k < l 6 , - 3  3<1<41
Reflections collected 23025 28224
Independent reflections 12217 [R(int)=0.026] 12972 [ R( i n t )  =0.048]
Completeness 90.9% (to 8=25.0°) 8 8 . 6 % (to 8=24.8°)
Absorption correction Multiscan'®
Max. and min. transm. 0.572 and 0.487
Obs. reflects. [I>2o (I ) ] 10517 10969
Data collection c o l l e c t"*
Data reduct, and correct. ^ DENZO and SCALEPACK"^
and struct, solut."" and SHELXS-97"®
refinement'' programs SHELXL-97'"
Refinement method Full-matrix least-squares on
Weights, w [a^(Fo^) + ( 0 . 0 1 3 P ) ^ + 3 3 . 2 P ] ‘  ^
P=[Max(Fo\0)+2E/] /3
[ct^ (Fo^ ) + (0 .02P)^+173P]"^
Data/restraints/param. 12217/0/876 12972/25/950
Goodness-of-fit on 1.120 1.176
Final R indie. [ I>2a (I ) ] Rl=0.047, wR2=0.114 Rl=0.077,wR2=0.172
R indices (all data) Rl=0.057, wR2=0.120 R1 =0.092, wR2=0.179
Larg.peak and hole ( e . Â“^  ) 0.496 and -0.613 3.43  ^ and-2.64
“Least-squares refinem ent o f  the angular settings for 23025 reflections in the 3 .2 2 < 8 < 2 S °  range for the 
cadm ium  com p lex  (C d L l)  and 282 2 4  reflections in the ! .2 2 < 8 < 2 4 .8 0 °  range for the lead com p lex  
(P b L l) .
‘^ Corrections: Lorentz and polarization. Em pirical absorption correction w as applied to the lead com p lex  
but not to the cadm ium  one as p, tim es the largest crystal d im ension  w as less than 0.1,
^Neutral scattering factors and anom alous dispersion corrections.
‘‘structure solved  by direct and Fourier m ethods. The final m olecular m odel obtained by anisotropic fu ll- 
matrix least-squares refinem ent o f  the non-hydrogen atoms.
®R in dices defined as: R 1 = S | | F o I - | F c I  \ / I . \  f J  , pvF2 = [ I : v ( F o ^ - f / )  V E w (F o ^ ) .
^Close to a disordered perchlorate ion
Table 2.1. Crystal data and structure solution methods and refinement results for the 
cadmium(II) and lead(II) complexes with LI.
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Empirical formula 
Formula weight 
Temperature (K) 
Low-temp. device 
Cooling rate 
Diffractometer/scan 
Rad., graph, monochr.
8 . range data coll.
Index ranges 
Reflections collect.
Indep. reflect. 
Completeness 
Obs. refls. [I>2ct(I) ] 
Max. and min. transm. 
Data collection 
Data red. and corr.'’ 
struct, solut.® and 
refinement'' programs 
Refinement method 
Weights, w
Data/restraints/param. 
Goodness-of-fit on 
Final R ind. [I>2a (I) ] 
R indices (all data) 
Larg.peak, hole ( e . )
C 5 2 H 7 2 C l 2 H g O i 2 S 2  
1224,71 
120  ( 2 )
Oxford Cryosystems 
200 K/h 
KappaCCD/cp and œ 
MoKa, X=0.71073 A
C 5 6 H 7 6 C l 2 H g N 2 0 i 2 S 2
1304.80 
1 0 0 ( 2 )
2.58 to 25.00
-25<h<25,-44<k<54,-10<l<14 
42375 
10851[R(int)=0.100]
91.3%(to 8=25.00°)
7660
0.852 and 0.632
3.41 to 25.00
-18<h<9,-22<k<22,-20<l<47 
38109
10299[R(int)=0.075]
91.6% (to 8=25.00°)
6870
0.871 and 0.464
COLLECT"*
DENZO and SCALEPACK"^
SHELXS-97'^°
SHELXL-97'"
Full-matrix least-squares on F^
[a2(Fo^) + {0.069P)2+28.7P]-^ [ct^  (Fo^ ) + (0 . 07P) 2+155P] 
P=[Max(Fo^, 0)+2Fc^] /3  
10299/0/638 10851/0/673
1.050 1.076
Rl=0.053,wR2=0.129 Rl=0.073,wR2=0.174
R1 =0.095, wR2=0.150 R1 =0.108,wR2=0.193
2.26,-1.09 3.74,-2.60
® Least-squares refinement of the angular settings for 38109 reflections
in the 3 . 41<8<25.00° range for L3 Hg(C1 0 4 )2/ (1) and 42375 reflections in the 2.58<8<25.00° 
range for L3 Hg(C1 0 4)2.2 MeCN/ (2)
 ^Corrections: Lorentz, polarization and numerical absorption.
 ^Neutral scattering factors and anomalous dispersion corrections.
 ^Structure solved by direct and Fourier methods. The final molecular m odel 
obtained by anisotropic full-matrix least-squares refinement of the non-hydrogen atoms.
" R  indices defined as: F i = S  | | F o | - | F d  | / 2 | F o l  , wR2= [ H w { F o ^ - F f ) ' ^ .
Table 2.2. Crystal data and structure solution methods and refinement results for the 
mercury(II) complexes with L3.
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Empirical formula 
Formula weight 
Temperature (K) 
Low-temperature device 
Cooling rate 
Diffractometer/scan 
Radiat., graph, monochr.
8 range(°)data collect.
Index ranges 
Reflections collected 
Independent reflections 
Completeness 
Absorption correction 
Max. and min. transm.
Obs. reflects.[I>2a(I) ] 9381 
Data collection 
Data reduct, and correct. 
and struct, solut.° and 
refinement'' programs 
Refinement method 
Weights, w
Data/restraints/param.
Goodness-of-fit on 
Final R indie.[I>2a(I)]®
R indices (all data)
Extinction coefficient 
Larg.peak & hole(e.Â'*)
C 5 3 R 7 4 C I 2 O 4 S 2  C 52H 72A g 2 C l 2Û x 6 S 2
910.14 1303.86
1 0 0 ( 2 ) 1 2 0 ( 2 )
Oxford Cryosystems 
200 K/h
KappaCCD/cp and œ 
MoKa, >.=0.71073 Â 
1.95 to 21.77 2.71 to 25.00
-11 ^ <12,-18^<18,-26<1^6 -53^<46,-l 5<k<l 5,0<1<28
22261 18226
11455 [R(int)=0.081] 10431 [R(int)=0.0567]
94.3% (to 8=21.77°) 46.8% (to 8=25.0°)
Multiscan 
0.958 and 0.903
6313
COLLECT"^
DENZO and SCALEPACK'^®
SHELXS-97^^'SHELXL-97'2^
Full-matrix least-squares on F^
[adFd) + (0. 17P)2+158P]"' [a^Fo^) + (0 . 2P) d  
P=[Max(Fo\0)+2Fcd  / 3  
11455/4/1027 10431/2/609
1.124 1.683
RI =0.2040, wR2=0.4881 Rl=0.1408,wR2=0.4240
Rl=0.2241, wR2=0.5036 Rl=0.1858,wR2=0.4636
0.026(3) 0.0064(8)
1.07 and-0.82 3.22  ^and-1.67
^Least-squares refinement of the angular settings for 22261 
reflections in the 1.95<8<21.77° range for L3(CH2Cl2) and 18226 
reflections in the 2 . 71<8<15 . 00° range for Ag2L3(C 1 04)2 .
''Corrections: Lorentz and polarization. Absorption correction was
applied to the silver complex but not to the dichoromethene 
molecular complex as its p-value times the largest crystal 
dimension was less than 0.1.
°Neutral scattering factors and anomalous dispersion corrections. 
'^Structure solved by direct and Fourier methods. The final 
molecular model obtained by anisotropic full-matrix least-squares 
refinement of the non-hydrogen atoms.
®R indices defined as: Rl=l| | Fol - | Fcl I/l| Fq | , wR^= [Zw(Fo^-
2 \  2 / E w ( F / ) U2\2i1/2
Close to one silver atom position.
Table 2.3. Crystal data and structure solution methods and refinement results for L3 
recrystallised from DCM and its complex with silver perchlorate from MeOH.
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Empirical formula 
Formula weight 
Temperature (K) 
Low-temperature device 
Cooling rate 
Diffractometer/scan 
Radiat., graph, monochr.
8 range for data coll.
Index ranges 
Reflections collected 
Independent reflections 
Completeness 
Obs. reflects. [ I>2a ( I ) ] 
Data Collection 
Data reduct, and correct.*’ 
and struct, solut.® and 
refinement'' programs 
Refinement method 
Weights, w
Data/restraints/param. 
Goodness-of-fit on 
Final Rind. [I>2a(I)] 
R indices (all data) 
Larg.peak & hole ( e , A" ^  ;
6^0^ 8408^ 2997.39 
120  ( 2 )
C64H90N2D8S2
10 7 9 .5 0  
100  ( 2 )
2.37 to 21.10°
Oxford Cryosystems 
200 K/h 
KappaCCD/cp a n d  O)
MoKa, >.=0.71073 A
2.22 to 25.00°
-20<h<20,-22<k<22,-23<1<23 -20<h<20,-2 6<k<2 6,-21<1<21 
33109 21532
18836[R(int)=0.065] 10993 [R(int)=0.035]
9 9 . 2 % (to 8=21.10°) 97.1% (to 8=25.0°)
11590 7777
c o l l e c t"*
DENZO and SCALEPACK"^
SHELXS-97"®
SHELXL-97"'
Full-matrix least-squares on F^
[CT^  (f^2 J + (0.159P) 2+15. 6P]-'[a^(Fo^) + (0.127P) 2+ 8 .15P]-' 
P=[Max(Fo2,0)+2Fc2]/3 
18836/13/1898 
1.020
Rl=0.090, wR2=0.240 
R 1=0.144, wR2=0.294 
2.00 and-0.74
10993/3/703
1.021
R1 =0.075, wR2=0.207 
Rl=0.105, wR2=0.235 
0.85 and -0.99
^Least-squares refinement of the angular settings for 33109 reflections in the 2.37<fi<21.10° 
range for (1-L4) and 21532 reflections in the range 2.22<8<25° for (2-L4).
"^Corrections: Lorentz and polarization. Absorption correction was not applied as p times the 
largest crystal dimension was less than 0.1.
^Neutral scattering factors and anomalous dispersion corrections.
‘"structure solved by direct and Fourier methods. The final molecular model obtained by 
anisotropic full-matrix least-squares refinement of the non-hydrogen atoms.
®R indices defined as; R1=' Z\  | Fo | -  | I I /Z  | Fo | , wR2=['Lw(Fo^-f/)^/ 'Zw{Fo^)^]^^^ . 
fclose to a disordered perchlorate ion
Table 2.4. Crystal data and structure solution methods and refinement results for L4 
recrystallised from DMF and MeCN.
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Empirical formula CGGHgaClzNaOiePbSz
Formula weight 1325.10 1526.64
Temperature (K) 138 (2) 120(2)
Low-temperature device Oxford Cryosystems
Cooling rate 200 K/h
Diffractometer/scan KappaCCD/cp and (Û
Radiat., graph, monochr. MoKa, >.=0.71073 A
8 range(°)data collect. 2.47 to 25.00 3.06 to 25.00
Index ranges -17^< 17,-17 ^ <  17,-20<1^0 -17 ^ <  17,-17 ^ <  16,-20<1^0
Reflections collected 21711 19812
Independent reflections 12756 [R(int)=0.042] 12226 [R(int)=0.067]
Completeness 98.7% (to 8=25.0°) 98.6% (to 8=25.0°)
Absorption correction Multi scan®
Max. and min. transm. 0.819 and 0.472
Obs. reflects. [ I>2a ( I ) ] 9100 10972
Data collection COLLECT"*
Data reduct, and correct.*’ DENZO and SCALE?ACK"^
and struct, solut.® and SHELXS-97'^°
refinement"' programs SHELXL-97'"
Refinement method Full-matrix least-squares on F
Weights, w [a2(Fo2) + (0.123P)2+10.15P]-' [a^ (Fo^ ) + (0 . 068P) 2]'
P=[Max(Fo2, 0) +2Fc2] / 3
Data/restraints/param. 12756/2/851 12226/0/830
Goodness-of-fit on 1.057 1.048
Final R indie.[I>2a(I)]® Rl=0.095, wR2=0.251 Rl=0.045,wR2=0.113
R indices (all data) Rl=0.127, wR2=0.280 Rl=0.051,wR2=0.118
Larg.peak & hole(e.A'^) 1.71 and-0.71 2.58  ^and -2.63
“ Least-squares refinement of the angular settings for 21711 reflections in the 2.47<8<25.00°range for 
the sodium complex (NaL4) and 19812 reflections in the 3.06<S<25.00° range for the lead complex 
(PbL4).
 ^Corrections: Lorentz and polarization. Absorption correction was applied to the lead complex but not to 
the sodium one as its p-value times the largest crystal dimension was less than 0.1.
Neutral scattering factors and anomalous dispersion corrections.
Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full- 
matrix least-squares refinement of the non-hydrogen atoms.
® R indices defined as : F i= E | | F^l -  | F^l I / z |  Fgl , wR2=[i:w{Fo'^-Ff)^/i:w{Fo^)^]^' '^.
^Close to the mercury atom position.
Table 2.5. Crystal data and structure solution methods and refinement results for the sodium 
and lead(II) complexes with the L4.
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2.11. Solvent extraction of metal-ion picrates
The solvent extraction of metal-ion picrates has been used as a method to evaluate the 
extraction ability of a macrocyle dissolved in an organic phase (saturated with water), towards 
metal cations in water saturated with an organic phase,^^
In this work, the extraction of silver picrates (AgPic) by L3 was performed in a water- 
dichloromethane mutually saturated solvent system at 298.15 K. Silver picrate (AgPic) was 
prepared by reaction of silver oxide with picric acid in hot water. The isolated crystals (yellow 
colour) were recrystallised twice from ethanol and once from water and stored in a dark place 
under vacuum." '^"
The determination of the extraction constant for the system given above requires information 
regarding the stoichiometry of the process and the spéciations in the solvent. Therefore, 
conductance measurements were performed in pure and wet dichloromethane at 298.15 K (see 
section 2.6.3 and 2.6.4). In addition, the distribution process of the metal-ion salt in the 
absence and presence of L4 was taken into account.
2.11.1. Calibration curve
Solutions (8  test tubes) of metal picrates (concentration range 1 x 10'^  to 1 x 10*^  mol dm'^) 
were prepared in water saturated with DCM. This concentration range was used in the 
distribution experiments of AgPic in the absence and the presence of L3.
The solutions were left in a thermostated bath at 298.15 K for 2 hours to attain thermal 
equilibrium. Absorbance readings for the metal-ion picrate solutions were recorded on a 
CECIL 8000 Series Spectrophotometer.
A quartz cuvette with a length of 1 cm closed with a Teflon lid to prevent evaporation or 
contamination of the solution was used to measure the absorbance of solutions under 
investigation. The baseline was recorded against the solvent used (as blank).
All measurements were made in triplicate for the three experiments (calibration, distribution 
and extraction). Beer’s law was obeyed in the range of concentrations used.
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2.11,2. Distribution o f silver and mercury picrates in the water-dichloromethane solvent 
system
A  series of solutions (10 test tubes) of different concentrations of metal-ion picrates (1 x 10'^  
to 1 X 10"^  mol dm’^ ) were prepared in water (saturated with DCM). A volume of 10 cm^  of 
each of these solutions was mixed with an equal volume of DCM (saturated with water), 
shaken for 30 minutes and left in a thermostated bath at 298.15 K for 24 hours prior to 
performing UV measurements for the water phase.
Absorbance readings were recorded for the picrate solutions as described in section 2.11.1.
2.11.3. Extraction of metal picrates by L3 in water-dichloromethane solvent system
A series of solutions (12 tubes) of different concentrations of L3 (2x 10"^  to 2 x 10"^  mol dm"^ ) 
were prepared in DCM (saturated with water). A volume of 10 cm  ^of each of these solutions 
was mixed with an equal volume of a solution of the metal-ion picrates (Ix 1 0 "^  mol dm*^ ) 
prepared in water (saturated with DCM). All tubes were shaken for 30 minutes and left in a 
thermostated bath at 298.15 K for 24 hours prior to perform UV measurements for the water 
phase.
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Results and Discussion
3.1. Characterisation of lower rim callx[4]arene derivatives
3.1.1. Solubility measurements. Derived Gibbs energies o f solution.
To assess the effect of ligands (L3 and L4) solvation (ligand-solvent interaction) on the 
complexation process with metal cations, solubility, s (mol dm" )^ data (Table 3.1) were used 
to derive the standard solution Gibbs energy changes, AsG° (kJ mol'^) in a given solvent at
298.15 K, for the process given in eq. 2.1.
When equilibrium between the solid and the solution was reached and the solid phase was not 
altered by solvation, AsG° values (see Table 3.1) were calculated from solubility data (eq. 
3.4).
The solution Gibbs energy change, AsG (kJ mol ") for the equilibrium process given in eq. 2.1 
is zero, therefore,
A , G ° ^ - R T \ n K  eq.3.l
In eq. 3.1., R is the gas constant, 8.314 J K'" mol "; T is the temperature in Kelvin, (298.15 K) 
and K  is the thermodynamic equilibrium constant given in eq. 3.2, and this is the ratio of 
activity of the ligand in solution (a^ ) over that in the solid state («^ ^^  ).
K = eq3.2
Since the latter is unity (a^^ = 1), therefore, K - a ^ .
On the other hand, is given by eq. 3.3, where [L] and yl are the concentration and the
activity coefficient of the ligand, respectively.
= [L ]x /^  eq.3.3
For a neutral ligand when working at low concentrations, yl niay be taken as unity (yl =1), 
and therefore ~[L] = s.
Thus, AgG° was calculated using eq. 3.4 referred to the process in the standard state of 
activities equal to unity.
A^G° ^ - R T l n s  eq.3.4
However, the solution process can be divided into (i) solvation and (ii) crystal lattice process; 
as illustrated in the thermodynamic cycle shown in Fig. 3.1.
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Lfk;
L (sol) ^  l^(s)
Fig. 3.1.1 Thermodynamic cycle showing the process of solution
In Fig. 3.1.1, P  is a general notation to indicate G (Gibbs energy), H  (enthalpy), or S 
(enti'opy).
The crystal lattice, AlP°, contribution is the same for a certain solute, therefore, it can be 
simplified by calculating the standard thermodynamic parameter of transfer (standard Gibbs 
energy of transfer, AtG°, enthalpy of transfer, AtH°, and entropy of transfer, AtS°) from a 
reference solvent (si) to another solvent (S2), (eq. 3.5).
Z (5j)  — ^ (8 2 ) eq3.5
In eq. 3.5, Kt is the thermodynamic transfer constant and is given by eq. 3.6 referred to the 
process in the standard state.
eq.3.6
where [Z^^^ J^are the solubilities of the ligand (L3 or L4) in the two solvents,
respectively.
Thus, the standard Gibbs energy of transfer, AtG°, is calculated from eq. 3.7,
=~RT lnK,  = A ,G \s 2) -A ,G°( s , )  eq.3.7
In this equation, A^G°(6"2 )and A^G°(s^)are the Gibbs energies of solution in the receiving 
(S2) and the reference solvent (si), respectively.
Table 3.1.1 reports the solubilities (5, mol dm" )^ and standard Gibbs energies of solution
(AgG°, kJ mol'^) for L3 and L4 in various media at 298.15 K. The thermodynamic transfer
constant (Kt) and derived Gibbs energies of transfer (AtG°, kJ mol* )^ from MeCN as reference 
solvent to the protic solvents, (MeOH, EtOH and w-BuGH) and to dipolar aprotic solvents 
DMF and PC) are included in this table. The standard deviations (cr) of the data were 
calculated firom eq. 3.8 and are included in the same table.
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(w-1) e^.3.8
In eq. 3.8, x,., x and «denotes the sample, the mean of the sample and the number of 
measurements performed, respectively.
Solvent
MeCN
MeOH
EtOH
n-BuOH
PCOHÇHi'
DMFs
CHi L3 PhCN
Hex
PhNOj
DCM
THF
CH.
CH ,
CHj
'O H ,
L4
MeCN
MeOH
EtOH
n-BuOH
PC
DMF
PhCN
Hex
PhNOz
DCM
THF
s /  mol dm'^
(8.01 ± 0.02) X 10'^
(1.48 ± 0.02) X 10'  ^
(4.52 ± 0.03) X 10'  ^
(1.05 ± 0.04) X 10'^
(2.20 ± 0.02) X 10'^
(9.71 ± 0.03) X 10’^  
Very soluble 
Very soluble 
Very soluble 
Very soluble 
Very soluble
(3.91 ± 0.02) X 10'  ^
(2.31 ± 0.04) X 10'  ^
(6.01 + 0.03) X 10'^
(1.28 ± 0.02) X 10'^
(3.23 ± 0.04) X 10"^  
(8.46 ± 0.01) X 10
Very soluble 
Very soluble 
Very soluble 
Very soluble 
Very soluble
-3
r-i
11.97 ±0.02 
16.13 ±0.01 
13.38 ±0.01 
11.30 ±0.03 
15.17 ±0.03 
11.48 ±0.02
t{MeCN~>S2)
1.00 
0.18 
0.56 
1.31 
0.27 
1.21
Solvate formation 
Solvate formation 
Solvate formation 
Solvate formation 
Solvate formation
S,(G°{MeCN-^ S2)
/k J  moV^
13.78 ±0.01 
15.04 ±0.02 
12.68 ± 0.02 
10.80 ±0.03 
14.24 ± 0.02 
11.82 ±0.03
1.00 
0.60 
1.54 
3.27 
0.83 
2.16 
Solvate formation 
Solvate formation 
Solvate formation 
Solvate formation 
Solvate formation
0.00 
+ 4.16 
+ 1.41 
-0.67 
+ 3.20 
-0.49
0.00 
+ 1.26 
- 1.10 
-2.98 
+ 0.46 
-1.96
Table 3.1.1 Solubilities (s), standard Gibbs energies of solution (AsG°) of L3 and L4 in 
various solvents at 298.15 K. Derived transfer constant (^ t(^ MeCN-^ s2)) standard transfer
Gibbs energies from acetonitrile to various solvents ( A^G°(jweCA(->s2)).
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Solvate formation was observed when the ligand was exposed to a saturated atmosphere of 
PhCN, Hex, PI1NO2, DCM and THF. Therefore, standard Gibbs energy solution data in the 
relevant solvents at 298.15 K could not be established. Its calculation requires that the 
composition for the ligand is the same in the solid and the saturated solution of the ligand at 
equilibrium.
On the other hand, from the AtG° values given in Table 3.1 for other solvents investigated, a 
quantitative assessment about the extent of solvation or the strength of ligand-solvent 
interactions was obtained. These data show that these ligands slightly undergo a selective 
solvation in the various solvents.
A negative value of AtG° indicates that ligand-solvent interaction is stronger in the receiving 
(S2) than the reference solvent (si).
As far as L3 is concerned, the strength of solvation follows the sequence,
M-BuOH > DMF > MeCN > EtOH > PC > MeOH eq. 3.9
However, this sequence was slightly altered when the hydroxyl groups of L3 were substituted 
by aliphatic pendant arms containing ester groups (-CH2 COOCH2 CH3) to yield L4. Thus for 
the latter the following trend in solvation is observed,
«-BuOH> DM F> EtOH> MeCN> PC>M eOH eq. 3.10
Furthermore, in moving from L3 to L4, an increase in the transfer constant ratio, Kt, by a 
factor of 3, 2.7, 2.5, 3,1 and 1.8 in MeOH, EtOH, «-BuOH, PC and DMF, respectively, is 
observed. This reflects quantitatively the ligand effect on the transfer process, and the 
contribution of the ethyl ethanoate group, which appears to enhance the solvation of L4 
relative to L3.
As far as the alcohols (protic solvents) are concerned, both ligands showed parallel behaviour. 
The increase in the hydrophobic nature of the aliphatic chain on going from MeOH to n- 
BuOH provoked an increase in the extent of interaction between these ligands and these 
solvents. Both ligands showed similar solvation pattern in dipolar aprotic solvents (DMF, 
MeCN and PC).
The changes in solvation observed upon transfer from one solvent to another are expected to 
affect the stability of complex formation with metal cations in various solvents. In order to 
gain further insight into the ligand-solvent (solute-solvent) interactions, the enthalpy and 
entropy of transfer (AtH° and AtS° respectively) of these ligands were determined in selected 
solvents of interest (solvents used as media for complexation studies in this thesis) and this is 
now discussed.
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3.1.2. Determination o f the standard enthalpy o f solution ofL3 and L4 in various solvents at
298.15 K. Derived transfer data.
The standard enthalpy of solution for L4 and L3 (only in DMF for the latter) were determined 
using the calorimetric technique (Tronac 450) as described in Chapter II, section 2.7.I.5.
The reliability of the Tronac 450 was checked as described in Chapter II, section 2.7.1.3, (ii), 
b; by the standard reaction suggested by Hill et al.^ '^^
Therefore, the enthalpy of solution, AgH, of THAM in HCl(aq> was determined. The reaction 
taking place is given by eq. 3.11.
THAMi^oi) + HCM) THAMH\a,) + Cl\aq) eq .3.\\
The total heat observed {Ql) upon the solution process was corrected for the heat associated 
with the breaking of the empty ampoule (Qab) in the appropriate solvent at 298.15 K. The 
latter was determined by breaking empty glass ampoules in the reaction vessel containing 50 
cm  ^ of the solvent. However, Qab was found to be negligible in water. The heat of solution 
{Qs) was calculated as given in eq. 3.12.
Qs=Qt~Qab=Qt eq.3.l2
Thus enthalpy of solution values were calculated from eq. 3.13.
= eg.3.13
T^HAM
where , is the number of moles of THAM in the reaction vessel.
The data recorded for the enthalpy of solution of THAM in aqueous solution of HCl (0.1 mol 
dm'^) at 298.15 K are given in Table 3.1.2.
-Wtf g c/ mol drn^
0.0172 2.84 X 10'^ -29.33
0.0282 4.65 X 10'^ -29.80
0.0452 7.46 X 10'3 -29.70
0.0704 1.16 X 10'^ -29.62
Table 3.1,2. Weight (wt), concentration (c) and enthalpy of solution (AgH) of THAM in 
aqueous solution of HCl at 298.15 K.
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The standard enthalpy of solution was taken as the average of the enthalpy of solution data 
given in Table 3.1.2, (AgH° = -29.6 ± 0.2 kJ mof^) and it was found to be in good agreement 
with that reported in the littérature (AsH° = -29.71 kJ. mol" )^. °^^
Having calibrated the calorimeter, the enthalpy of solution of L4 was determined in MeCN, 
MeOH and DMF at 298.15 K.
However, a relatively slow dissolution rate was encountered for L3 in MeCN and MeOH at
298.15 K, which made it impractical to use classical calorimetry for the determination of the 
solution enthalpies of this ligand in these solvents. No experimental difficulties were found in 
DMF at 298.15 K, since the dissolution of L3 was fast enough to perform calorimetric 
measurements.
As far as the standard enthalpy of solution of L3 in MeCN and MeOH is concerned, the van’t 
Hoff equation (eq. 3.14) was used to evaluate AgH® (kJ mof^).^^^ Therefore, solubility 
measurements at three different temperatures 278.15, 285.15 and 308.15 K, were carried out. 
Data at 298.15 K was already determined (Table 3.1.1).
In eq. 3.13, K  -  s (eqs. 3.3 and 3.4) is the equilibrium constant, T  is the temperature in 
Kelvin, K; R is the gas constant, 8.314 J K'^ mol" ;^ C is a constant and A^77°is the enthalpy of 
solution in kJ mol'\^^^
Taking into account eq. 3.13, it follows that a plot of - lo g K  versus -^will give a slope of 
from which A.H®can be calculated.2.3037?
(i) Standard enthalpy o f solution for L3.
Table 3.1.3 lists the values of enthalpies of solution, AgH for L3 at various concentrations 
(mol dm"^). From these data, the standard enthalpy of solution, AgH°, of this ligand was 
calculated.
No significant changes in AgH over the concentration range investigated were observed. 
Therefore, AgH® for L3 in DMF was calculated as the average of enthalpy of solution 
measurements, AgH, at different concentrations in DMF at 298.15 K (Table 3.1.3).
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DMF
c/ mol dm^ AsH/kJmoV^
2.51 X 10"* -11.20
5.15 X IQ-4 -11.35
8.30 X 10"* -11.05
9.55 X 10"* -10.92
4.84 X 10'^ -10.94
6.91 X 10'^ -11.10
8.00 X 10-3 -11.14
A.H" = -11.1 ± 0.6 kJmor'
Table 3.1.3, Enthalpies of solution of L3 at various concentrations at 298.15 K. Derived 
standard enthalpy of solution.
As far as MeCN and MeOH are concerned, the standard enthalpy of solution for L3 in these 
solvents was determined using the van’t Hoff equation, as described previously in section
3.1,2.
Table 3.1.4 shows the temperature in Kelvin at which the solubility measurements were 
performed, the solubilities {s mol dm" )^ and the - logKin  MeCN and MeOH.
T /K s/ mol dm~^ -/ogTC
308 (1.21 ± 0.01) X 10-2 1.92
298 (8,01 ± 0.02) X 10-3 2.10
285 (6.02 ±0.02) X 10-3 2.22
278 (4.15 ± 0.02) X 10-3 2.40
MeOH
308 (1.96 ± 0.01) X 10-3 2.71
298 (1.48 ± 0.02) X 10-3 2L83
285 (9.82 ± 0.02) X 10-4 3.01
278 (9.12 ± 0.02) X 10"* 3.04
Table 3,1.4. Solubility data for L3 in MeCN and MeOH at various temperatures, 308, 298, 
285 and 278 K, respectively.
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Plots of —\o%K versus —for the data in MeCN and MeOH (Table 3,1.4) are shown in Figs. 
3.1.2 and 3.1.3, respectively.
2.6 -1
y = 1245.24x-2.il 
R^»0.982.4 -
W 2.2 - 
?  2.0 -
0.0031 0.0033 0.0035 0.00371/T
Fig. 3.1.2. Plots of -  logK against —for L3 in MeCN
3.2
3.1
3.0
2.9
y = 999.91% - 0.53 
R  ^= 0.98
2.8
2.7
2.6
0.0031 0.0033 0.0035 0,00371/T
Fig. 3.1.3. Plots of -  log K  against for L3 in MeOH
From the slope of the straight lines obtained in these plots, the enthalpies of solution AgH in 
MeCN and MeOH were calculated (see Table 3.1.5).
Having determined AgG® and AgH® for L3 in MeCN, MeOH and DMF at 298.15 K, solution 
entropies, AgS®, were calculated through the Gibbs Helmholtz equation (eq. 2.14) and these 
are included in Table 3.1.5.
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L3
OH,rr
Cft'
L3
Solvent AsG V klm of AfîVkJmoï^ A S V  JK^  mor^
MeCN +11.97 ±0.02 +23.8 ±1.1 +40
MeOH +16.13 ±0.01 +19.2 ±1.2 +11
DMF +11.50 ±0.02 -11.1 ±0.6 -75
Table 3.1.5. Thermodynamic parameters of solution (AsG°, AsH° and AsS°) of L3 in various 
solvents at 298.15 K.
The standard enthalpy of solution, AgH° is made up by the contribution of the standard 
enthalpy of solvation AgoivH® (exothermic process), and the standard crystal lattice enthalpy 
AlH° (endothermie process), as previously illustrated in the thermodynamic cycle given in 
Fig. 3.1.1. A positive value of AgH® indicates that the crystal lattice process predominates over 
the solvation process, while a negative value indicate that the latter predominate over the 
former.
However, the AgH® for L3 in DMF at 298.15 K is exothermic (- 11.1 kJ moF^), suggesting 
that the solvation process predominate over the crystal lattice process. On the other hand, the 
dissolution of L3 in MeCN and MeOH is endothermie and therefore, the crystal lattice 
process predominates over that of solvation.
(ii) Standard enthalpy o f solution o f L4.
Table 3.1.6 lists the enthalpies of solution of L4 in MeCN, MeOH and DMF as a function of 
the concentration of the ligand at 298.15 K.
Similar to the observation found for L3 in DMF, no significant variations in the enthalpy of 
solution of L4 were observed with the concentration in the three solvents investigated. 
Therefore, standard enthalpies of solution, AgH® (kJ mol'^), of L4 were taken as the average of 
the enthalpy of solution measurements at different concentrations in the corresponding 
solvent (see Table 3.1.6). Combination of AgG® and AgH® leads to the calculation of AgS® (eq. 
2.14) values for L4 in MeCN, MeOH and DMF at 298.15 K. These are given in Table 3.1.7.
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MeCN MeOH DMF
c/mol dm^ AsH/kJ moV^ c/ mol dm~^ AsH/kJmoV^ cl mol dm'^ AsH/kJmot^
1.11 X 10'^ 16.80 1.02 X 10-4 26.80 1.58 X 10'4 22.70
1.15 X 10-4 16.94 1.43 X 10-4 26.60 2.30 X 10-4 22.91
1.40 X iq-4 17.50 1.85 X 10'4 27T3 2.50 X 10'4 21.54
2.55 X IQ-4 17.48 2.70 X 10-4 27.02 2.72 X 10-4 22.25
2.85 X IQ-4 17.63 3.55 X 10-4 26.61 3.60 X 10'4 22.89
3.91 X iq-4 16j% 5.35 X 10-4 27.40 4.13 X 10'4 21.81
8.41 X IQ-4 16.70 - - 4.36 X 10-4 21.97
1.03 X 10-3 17.10 - - 6.00 X 10-4 22.20
- - - - 8.80 X 10'4 2232
AgH" = 17.1 ± 0.4 AgH" = 26.9 ±0.3 AgH" = 22.3 ± 0.5
Table 3.1.6. Enthalpies of solution of L4 in MeCN, MeOH, and DMF at 298.15 K as a 
function of the concentration. Derived standard enthalpies of solution.
The AsH° data in Table 3.1.6 for the dissolution of L4 in MeCN, MeOH and DMF are 
endothermie, suggesting that the crystal lattice predominates over the solvation process.
L4i 1 . L4 Solvent A S°/JK :‘ moV'
_ T n —^2 MeCN +13.78 ±0.01 +17.1 ± 0 .4 +11
ÇH,r 9 MeOH +15.04 ±0.02 +26.9 ± 0.3 +40
DMF +11.82 ±0.02 +22.3 ± 0.5 +35
Table 3.1.7. Thermodynamic parameters of solution (AgG°, AgH° and AgS°) of L4 in various 
solvents at 298.15 K.
Having established the thermodynamic parameters of solution (AgG®, AgH® and AgS“) for L3 
and L4 in MeCN, MeOH and DMF (Tables 3.1.5 and 3.1.7), the thermodynamic parameters 
of transfer (AtG°, AtH° and AtS°) from MeCN (si) to other solvents (S2) were calculated and 
these are given in Table 3.1.8.
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of transfer (AtG°, AtH" and AtS”) from MeCN (si) to other solvents (si) were calculated and 
these are given in Table 3.1.8.
The AtG® values were shown previously in Table 3.1.1. The AtH” and AtS® values are 
calculated using eqs. 3.15 and 3.16, respectively, and these are given in Table 3.1.8.
A,H°=A,H\s,)  ~A,H\s,) eq3A5
A,5:" = A.^^'w -  e^.3.16
L3
Solvent AtGVklmoT^ A tH V U m of AtSVJIC^ mot^
MeCN ^  MeCN 0 0 0
MeCN -» MeOH +4.2 -4.7 -29
MeCN DMF -0.5 -35.0 -115
L4
M e C N M e C N 0 0 0
MeCN MeOH +1.3 +10 +29
MeCN -> DMF -2.0 +5.2 +24
Table 3.1.8. Thermodynamic parameters of transfer (AgG®, AgH® and AgS°) of L3 and L4 
from MeCN to MeOH and DMF at 298.15 K.
For L3, the results shown in Table 3.1.8 show that the solvation patterns observed in terms of 
AtG® are controlled by AtH® with the highest enthalpic stability (most negative AtH°) in DMF 
and the lowest in MeOH (least negative AtH®). This was accompanied with a loss of freedom 
(negative AtS®), which might be attributed to the interaction via hydrogen bond formation 
between the hydroxyl groups of L3 and the solvent molecules in the case of MeOH. In the 
case of DMF, protophilic dipolar aprotic solvent, the interaction may occur between the 
phenolic hydrogen and the oxygen atom (basic) of the solvent. This is reflected in the highest 
loss of entropy found in the transfer from MeCN to DMF.
On the other hand, the transfer of L4 to these solvents is accompanied by a gain in entropy 
(favourable) while the process is destabilised in terms of enthalpy.
It should be noted that the X-ray structure of L4 referred to the solid state (section 3.7.4), 
shows that a molecule of MeCN sits in the hydrophobic cavity of L4, while DMF was absent
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entropy). No crystals for X-ray studies could be isolated for L4 in MeOH, therefore no 
conoboration was considered with respect to the transfer of this ligand from MeCN to MeOH. 
The AtH° and AtS° data have reflected the medium effect on the transfer process, hence 
ligand-solvent interactions.
Theimodynamic parameters of transfer (AtG°, AtH° and AtS°) for L3 and L4 have provided a 
better understanding and a quantitative assessment of the ligand solvation in various solvents 
investigated at 298.15 K. Furthermore, these parameters have been used as a tool to detect 
more specific solute-solvent interaction,^^ but it still cannot provide information concerning 
the site of interactions between the ligand and the solvent.
Therefore, ^H NMR measurements were performed in the relevant deuterated solvent to 
obtain such information and to investigate the effect of ligand-solvent interactions on the 
conformation of the ligand and these are now discussed.
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3.2. NMR measurements
3.2.1. Interaction of ligands (LI, L2, L3 andL4) with solvent molecules.
The interaction that occurs between a solvent molecule (neutral species) and the hydrophobic 
cavity of the ligand L I was first described by Danil de Namor et al. as an ‘Allosteric effect’, 
in which an acetonitrile molecule enters in the hydrophobic cavity and pre-organizes the 
hydrophilic cavity to host the metal cation. This conclusion based on the thermodynamic 
parameters of transfer of the macrocycle L I from methanol to acetonitrile^^  ^was supported 
by NMR studies. In addition, transfer data from acetonitrile to benzonitrile and NMR 
chemical shifts, indicated that the latter solvent interacts more strongly with the hydrophobic 
cavity of L I relative to the former one. On the other hand, further investigations using 
computer-modeling calculations, suggested that the interaction between the molecule of 
benzonitrile and L I is more likely to form an exo complex.
As far as NMR measurements are concerned, the most significant difference in the 
chemical shifts recorded in CD3CN relative to CDCI3 was that found for the aromatic protons 
H-2, AÔ = 0.25 ppm whereas no significant changes were observed for other protons (see 
Table 3.2.1).^ ^^  This, indicates that the acetonitrile molecule may be sitting in the upper rim. 
This conclusion gained further support in the X-ray diffraction studies of a similar ligand to 
L I, / 7-rer/-butylcalix[4 ]arenetetracarbonate, forming a 1:1 complex with a molecule of 
acetonitrile, located in its hydrophobic cavity with the nitrogen atom pointing upwards^^ .^ On 
the other hand, the NMR chemical shifts of L I in CD3OD, Table 3.2.1, are almost 
identical with those in CDCI3, and this is reflected by the insignificant Aô value in CD3OD 
relative to CDCI3, thus suggesting that no interaction takes place between methanol and L I. 
Arduini et al^^^ reported a series of calix[4]arene biscrowns that interact with neutral 
molecules {e.g. nitromethane) in apolar media and in the solid state. Based on findings from 
NMR investigation, these interactions were ascribed to the rigid ‘cone’ conformation of 
the calix[4]arene biscrowns, due to the presence of diethyleneglycol bridges in alternate 
positions at the lower rim.
Moreover, calix[4]arene partially alkylated at the lower rim showed more tendency to host an 
acetonitrile molecule rather than fully alkylated d e r i v a t i v e s , ^ ^ ^  again this was attributed to the 
more rigid host conformation (more ‘cone’ like), due to hydrogen bonding that the hydroxyl 
groups form with the ethoxy oxygen atoms.
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Molecular modelling (MD) simulations of the /?-^er/-butylcalix[4]arene tetramide showed the 
ability of this ligand to encapsulate a molecule of acetonitrile in its hydrophobic cavity with 
the nitrogen pointing outwards. This was found to cause changes in the positioning of the 
carbonyl groups in the lower rim, thus pre-organising this cavity. Moreover, this interaction 
was shown to contribute to about 50% of the solvation energy (determined by simulation 
studies) of this ligand.
Based on these findings and conclusions NMR was used to investigate the interaction of 
ligands (LI, L2, L3 and L4) with the solvent and its effect on the conformation of the free 
ligands (Fig. 3.2.1) in CD3CN, CD3OD and C3D7NO relative to CDCI3 as a reference solvent 
at 298 K.
<H-t)
Ç H 2 (H-5)
CHo
H 3 (H-7)
Ç H 2 (H~5)
L2
(H -l)
(H-3) (H-4)XH-5)
(H -l) (H-2)
ÇH2 (HS)
f
Ç H 2 (H-9) 
CH3 (H-IO)
0 0
ÇH2 (H-7) CH 2
i = oÇH 2 (H-8)
f
ÇH2 (H-9) CH 2  (H - l2)
(H-13)C H 3 (H-IO)
L3 L4
Fig. 3.2.1. Structures of LI, L2, L3 andL4
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3.2 J . l .  NMR chemical shifts and chemical shift changes for L I  in CD3CN. CD3OD and 
C3D7NO relative to CDCI3 as a reference solvent at 298 K.
To gain deeper insight into the effect of other solvents (in addition to CD3CN and CDsOD)^^  ^
on the conformation of L I, NIVDR. measurements were performed in C3D7NO. Fig. 3.2.2. 
(H-i) _  shows the NMR spectra for L I in CDCI3, CD3CN, CD3OD and C3D7NO
at 298 K, respectively.
Chemical shifts (ô ppm) and their differences (Aô = Ô -  ôcocb ppm) for LI 
in CD3CN, CDCI3, CD3OD and C3D7NO relative to CDCI3 (as a reference 
solvent), are given in Table 3.2.1.
CH? (H-5)
C = 0
ÇH2 (fl-6) 
CH3 (H-7)
LI
H-l
H-2 H-7
H-5
H-6
H-3H-4
± J
PPM
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H-l
H-7H-2
H-5
H-6 H-3
H-4
PPM
H-l
H-5 H-7H-2
H-6 H-3H-4
PPM
H-l
H-7H-5
H-2
IH-6ÿ  H-3
H-4
I PPM
Fig. 3.2.2. 'H NMR spectra for LI in CDCI3, CD3CN, CD3OD and C3D7NO at 298 K, 
respectively.
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Protons
LI
CDCI3 
5 ppm
CDaCN 
Ô ppm AS ppm
CD3OD 
S ppm AS ppm
C3D7NO 
S ppm AS ppm
H-l 1.07 1 .1 2 0.05 1.09 0 .0 2 1.11 0.04
H-2 6.77 7.02 0.25 6.82 0.05 6.92 0.15
H-3 (eq.) 3.19 3.26 0.07 3.18 -0 .0 1 3.27 0.08
H-4 (ax.) 4.85 4.81 -0.04 4.87 0 .0 2 4.90 0.05
H-5 4.80 4.77 -0.03 4.79 -0 .0 1 4.83 0.03
H-6 4.21 4.17 -0.04 4.21 0 .0 0 4.21 0 .0 0
H-7 1.28 1.27 -0 .0 1 1.29 0 .0 1 1.29 0 .0 1
Table 3.2.1. NMR chemical shifts (6  ppm) and difference in the chemical shifts (AS ppm) 
for LI in CD3CN, CD3OD, C3D7NO relative to CDCI3 at 298 K.
According to the data given in Table 3.2.1, the difference in the chemical shift (AS) for the 
aromatic protons (H-2) shows a significant deshielding effect (AS = 0.15 ppm) in C3D7NO 
relative to CDCI3, but less pronounced than in CD3CN (AS = 0.25 ppm). No other significant 
chemical shift changes were recorded for any of the protons of LI in C3D7NO at 298 K. 
These observations suggest that acetonitrile interacts more strongly with the hydrophobic 
cavity of LI than A, A’-dimethylformamide. No interaction occurs with methanol at 298 K. 
Gutsche^  ^has noted that the difference in the chemical shifts between the equatorial and axial. 
protons (ASax-eq) of the methylene bridging carbon provides a measure of the flattening of the 
‘cone’ conformation that the calixarene adopts in solution. A ASax-eq — 0.9 ± 0.2 ppm is for a 
‘perfect cone \  0.5 ±0.1 ppm is for a ‘flattened cone’, and 0 ppm for a T,3-alternate \  see Fig. 
3.2.3
However, the values of ASax-eq ppm for LI are 1 .6 6 , 1.55, 1.69 and 1.63 in CDCI3, CD3CN, 
CD3OD and C3D7NO, respectively. The fact that these values are greater than 0.9 ppm 
indicate that the aromatic rings in LI become more parallel to each other while the 
macrocycle adopts a distorted ‘cone’ conformation.
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^Perfect cone^ ^Flattened cone'
 ^1,3-alternate*
Fig. 3.2.3. j!3-^er?-butylcalix[4 ]arene conformations (generated using ACD ChemSketch 5.11 
package).
3.2.1.2. NMR chemical shifts and chemical shift changes for L2 in CD3CN, CD3OD and
C3D7NO relative to CDCI3 as a reference solvent at 298 K.
As far as the NMR measurements for L2 are concerned, differences in the chemical shifts 
in CD3CN, CD3OD and C3D7NO relative to CDCI3 (Table 3.2.2), suggest that similar 
(H-l) interaction is taking place between the macrocycle and the solvents
investigated, as described in section 3.2.1.1 for LI.
In addition, the Aôax-eq values for L2 are 1.63, 1.56, 1.61 and 1.57 ppm in 
CDCI3, CD3CN, CD3OD and C3D7NO respectively, reveal that this ligand 
4 adopts a distorted cone conformation in these solvents.
CH2 (H-5) Fig. 3.2.4 shows the H NMR spectrum for L2 in C3D7NO at 298 K.
6=0 ICH3 (H-6)
L2
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H-ly
H-6
H-2 H-5
H-3
H-4
PP M
Fig. 3.2.4. NMR spectrum for L2 in C3D7NO at 298 K.
Protons CDCI3 CD3CN CD3OD C3D7NO
L2 Ô ppm Ô ppm AÔ ppm 6  ppm Aô ppm ô ppm Aô ppm
H-l 1.07 1.16 0.09 1.08 0.01 1.11 0.04
H-2 6.80 7.14 0.34 6.84 0.04 6.93 0.13
H-3 (eq.) 3.18 3.28 0.10 3.20 0.02 3.24 0.06
H-4 (ax.) 4.81 4.84 0.03 4.81 0.00 4.81 0.00
H-5 4.88 4.11 -0.77 4.88 0.00 4.90 0.02
H-6 2.21 2.18 -0.03 2.22 0.01 3.25 0.04
Table 3.2.2. NMR chemical shifts (Ô ppm) and difference in the chemical shifts (Aô ppm) 
for L2 in CDaCN®^ , CDsOD^  ^C3D7NO relative to CDCla^  ^at 298 K.
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The difference in the chemical shifts (AÔ ppm) observed for H-2 and H-3 {eq.) for both 
ligands in CD3CN, are more significant for L2 relative to LI, This might be due to the less 
bulky arms of the former relative to the latter, which ease the conformational mobility of the 
macrocycle, hence enabling it to tune its hydrophobic cavity to host a molecule of acetonitrile. 
In C3D7NO, the AÔ values for H-2 and H-3 {eq.) do not differ significantly for both ligands, 
thus suggesting that A^A^dimethylfbrmamide and the hydrophobic cavity of the two 
macrocylces (LI and L2) interacts in a similar fashion. Due to the larger size of the N,N- 
dimethylformamide relative to acetonitrile, this interaction is more likely to occur with the 
hydrophobic cavity at its peripheral and not within its vicinity. This might suggest why in the 
former solvent the chemical shift of H-2 is less pronounced than in the latter for L I and L2 at 
298 K.
3.2.1.3. NMR chemical shifts and chemical shift changes for L4 in CD2CI2, CD3CN,
CD3OD and CsDyNO relative to CDCI3 as a reference solvent at 298 K
To extend further this study, deuterated dichloromethane (CD2CI2) was introduced and 
investigated with L4 and L3 (section 3.2.1.4).
Fig.3 .2 .5  shows the *H NMR spectra for L4 in CDCI3, CD2CI2, CD3CN, CD3OD and C3D7NO
at 298 K, respectively. Corresponding chemical shifts (Ô 
ppm) and chemical shift changes (Aô ppm) relative to 
CDCI3 are given in Table 3.2.3.
(H-l) (H-2)
Ç H 2  (H-7) CH2
CH2 (MS)
CH2 (M-12)
CH3  (H-13)
Ç H 2  (H-9)
CH3  (H-10)
L4
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H-10,13
H-3,4 H-11 H-12
H-8H-6 H-9
H-5
PPM
H-l, 2
H-3,4
H-10, 13H-12H-11 H-6 H-8
H-5
I—r T7 T6 T r 1PPM
H-l, 2
^ r \
H-12
H-6H -3,4
H-8H-ll>
H-9
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H-l, 2
H-12
H-11 H-!
H-10,13
H-7 H-5
Ü-9H-6
PPM
H-l, 2
H-10, 13
H-3,4 H-11 H-12
H-6
H-9
PPM
Fig. 3.2.5. NMR spectra for L4 in CDCI3, CD2CI2, CD3CN, CD3OD and C3D7NO at 298 
K, respectively.
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Inspection of these data (Table 3.2.3) reveals a significant deshielding effect for the protons of 
the aromatic rings (AÔ (H-3, 4) = 0.38, 0.20 ppm), and one of the p~tert-b\xtyl groups protons 
(AÔ (H-l or 2) = 0.14 ppm) in CD3CN, suggesting that interactions between this solvent and 
the hydrophobic cavity of L3 occurs.
On the other hand, H-3 and 4 are deshielded in C3D7NO (Aô = 0.13, 0.18 ppm), and to a lesser 
extent in CD3OD (Aô= 0.03, 0.10 ppm), while H-l and 2 are slightly affected. These 
observations in C3D7NO and CD3OD suggest that the solvent interaction with the 
hydrophobic cavity of L4 is affecting H-3 and 4 only, and not H-l and 2 where very little 
changes in the chemical shift are recorded (Aô ~ 0.03 ppm) in both solvents. Thus suggesting 
that exo interaction might be taking place between the solvent molecules and the hydrophobic 
cavity of L4.
Moreover, no changes in the chemical shifts were observed in CD2CI2 relative to CDCI3, 
suggesting that L4 does not interact with CD2CI2 at 298 K.
No other significant changes are observed for any of the protons of this macrocycle in any of 
the four solvents given above relative to CDCI3 at 298 K, As a conclusion, the hydrophobic 
cavity of L4 tends to be more receptive to CD3CN and to a lesser extent to CD3OD and 
C3D7NO with respect to CDCI3 at 298 K. Therefore, this cavity shows a selective behaviour 
towards these solvents following the sequence,
CD3CN > CD3OD > C3D7NO > CDCI3 « CD2CI2
3.2.1.4 NMR chemical shifts and chemical shift changes fo r  L3 in CD2CI2, jbüsCN,
CD3OD and C3D7NO relative to CDCI3 as a reference solvent at 298
Fig. 3.2 .6 . shows the ^H NMR spectra for L3 in CDCI3, CD2CI2, CD3CN, CD3OD and
C3D7NO at 298 K, respectively. Chemical shifts (ô ppm) and 
chemical shift changes (Aô ppm) relative to CDCI3, in these 
solvents are given in Table 3.2.4.
(H-l) (H-2)
(H-3)
(H-5)\
CXk(ns)LÇ H 2  (H-9)
(JÜ3(H-10) 83
L3
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H-l. 2
H -3,4
H-10
H-11 H-8H-5 H-9
H-6
PPMH-l, 2
H-3, 4
H-10H-8H-5
H-11 H-6 H-9
PPM
H-l,
H-3,4
H-8
H-9
tl-lOH-11 H-5H-'
H-6
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In CDiOD
H-3,4
IL
H-7H-6 H-5
JULÀ.
H-8
H-l, 2 */  \
H-9 H-10
H-l, 2
H -3,4
H-7 H-9H-5 H-
H-6
PPM
Fig. 3.2.6. m m  spectra for L3 in CDCI3, CD2CI2, CD3CN, CD3OD and C3D7NO at 298 
K, respectively.
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For the partially substituted ligand, L3, a marked deshielding effect is recorded for the 
aromatic rings, A5 (H-3, 4) = 0.16, 0.41 ppm, and one of the p-tert-hntyl groups protons Aô 
(H-l, 2) = 0 .2 2 , 0.10 ppm, in CD3CN relative to CDCI3.
In CD3OD, the protons of the aromatic rings and one of the p-/err-butyl groups protons are 
deshielded, (AÔ (H-3, 4) = 0.06, 0.30 ppm and AÔ (H-l or 2) = 0.14) while the other one is 
slightly shielded (AÔ (H-l or 2) = -0.07).
In moving to CD2CI2 in which L4 showed no changes in the chemical shifts relative to 
CDCI3, a significant deshielding effect for one of the aromatic and the p-tert-butyl groups 
protons of L3 is observed (Aô (H-3 or 4) and (H-l or 2) = 0.19 and 0.28 ppm respectively, see 
Table 3.2.4), whereas the other protons of these groups are slightly shielded. This behaviour 
contrast with that found for L4 in this solvent.
On the other hand, in C3D7NO, protons of both aromatic rings show a noticeable deshielding 
effect, AÔ (H-3, 4) = 0.24, 0.48 ppm, compared to the ones observed in CD3CN and CD3OD 
(Table 3.2.4). In addition, protons of one of the p-/er/-butyl groups are deshielded (AÔ = 0.11 
ppm) while the others are shielded (Aô = -0.03 ppm).
As far as L3 (partially substituted calix[4]arene) is concerned, these findings are not similar to 
those discussed for L4 in section 3.2.3 (see Table 3.2.3). Therefore, these prominent Aô 
values for the protons of the hydrophobic cavity of L3 in CD3CN, C3D7NO and to a lesser 
extent in CD3OD and CD2CI2, indicates that this ligand might be interacting with these 
solvents in a selective manner relative to L4.
The enhanced recognition properties of L3 towards the solvents investigated particularly in 
CD2CI2 and CD3OD relative to L4 (where the ^H NMR data suggested lack of ligand-solvent 
interactions with the latter two solvents) can be partially ascribed to the conformational 
stability retained by locking L3 in a perfect ‘cone’ conformation (AÔax-eq = 0.97, 0.91, 0.98 
and 0.83 ppm in CD2CI2, CD3CN, CD3OD and C3D7NO, respectively) through hydrogen 
bonding of the hydroxyl groups with the ethoxy oxygens (L4 has a distorted ‘cone’ 
conformation, see Table 3.2.5). This is mostly reflected in the significant deshielding effect 
observed for H-11 of the hydroxyl groups in CD2CI2, CD3CN, C3D7NO and CD3OD (A ô  =  
1.06, 1.11, 1.40 ppm and ‘out of range’ respectively). Table 3.2.5 shows the difference in the 
chemical shifts between the axial and equatorial protons (Aôax-eq) of LI, L2 , L3 and L4 in 
CDCI3, CD2CI2, CD3CN, CD3OD and C3D7NO at 298 K.
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M oreover, the ab sen ce o f  the tw o  aliphatic chains contain ing ester groups (p resen ce o f  the 
h ydroxyl groups instead) in  L 3  w ill  reduce the electrostatic repu lsion  b e tw e en  the pendant 
arm s in  the low er rim , thus creating a w ider upper rim  ab le to  d eep ly  en cap su la te the so lv e n t  
m o lecu le . S im ilar con clu sion s w ere foun d  w h en  com paring the recogn ition  e ff ic ie n c y  o f  1 ,3- 
d ia lk oxy , m o n oeh toxyeth oxy  and tetra-alkoxy d erivatives of/? -^ er^ butylcalix[4]arene tow ards  
acetonitrile as guest. N o  com p lexa tion  w as ob served  w ith  the latter derivative, w hereas  
co m p lex in g  ab ility  w a s ob served  for the form er.
L ig a n d s
C D C I3
A5ax-eqPpm
C D 2 CI2  
^5ax-eq p p n i
C D 3 C N  
A 8 ax-eq P p m
C D 3 O D  
A§ax-eq PPUI
C 3D 7N O  
A 6 ax-eq ppBtt
L I 1 . 6 6 / 1.55 1.69 1.63
L 2 1.63 / 1 .56 1.61 1.57
L 4 1.35 1.33 1.27 1.36 1.29
L 3 0 .9 8 0 .9 7 0.91 0 .9 8 0 .8 3
T a b le  3 ,2 .5 . D ifferen ce  in  the ch em ica l sh ifts b etw e en  the axial and equatorial protons, AÔax-eq 
o f  L I ,  L 2 , L 3  and L 4  in  C D C I3 , C D 2 CI2 , C D 3 C N , C D 3 O D  and C 3D 7N O  at 2 9 8  K.
T ab le 3 .2 .5  sum m arize the v a lu es o f  ASax-eq for L I ,  L 2 , L 3  and L 4  in  C D C I3 , C D 2 CI2  (ex cep t  
L I  and L 2 ) , C D 3 C N , C D 3 O D  and C 3D 7N O  at 2 9 8  K , thus sh ow in g  that ea ch  ligan d  in  the f iv e  
so lv en ts  in vestigated  sh o w  sim ilar conform ation. F or the fu lly  substituted ligan d s, L I ,  L 2  and  
L 4  d istorted  co n e  con form ations are ob served  and th ey  are all fu lly  substituted  ligan d s, w h ile  
th e p artia lly  substituted  ligan d  L 3  sh o w s a p erfect ‘c o n e ’ conform ation.
A l l  ligan d s sh o w ed  a ten d en cy  to encapsu late C D 3 C N , therefore in  com p arin g  the v a lu es  for  
th e AÔ p p m  o f  th e arom atic protons o f  th ese  ligan d s (T ab le 3 .2 .6 ), it  can  b e  co n c lu d ed  that the  
strength  o f  in teraction  b etw een  acetonitrile and the hydrophobic cav ity  in creases in  the order 
L I ,  L 2 , L 4  and L 3 . T h is is  reflected  in  the p lo t for A 5 (ppm ) v a lu es for  th e arom atic p rotons  
(A r-H ) again st the d ifferen ce b e tw e en  the ax ia l and equatorial protons, Aôax-eq (ppm ) o f  L I ,  
L 2 , L 3  and L 4  in  C D 3 C N  at 2 9 8  K  (F ig . 3 .2 .7 ) , sh o w in g  that the h igh er  ch em ica l sh ifts  
d ifferen ce for the arom atic protons is  ob served  for the m ore ‘c o n e ’ lik e  con form ation .
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Ar-H of 
ligands
CD3CN
Adppm
LI 0.25
L2 0.34
L4 0.38, 0.20
L3 0.41,0.16
Table 3.2,6. Difference in the chemical shifts for the aromatic protons, (A5 Ar-H ppm) of L I, 
L2, L3 and L4 in CD3CN at 298 K.
0.45 -1
0.40 -
0.35 -
AÔ ppm 
Ar-H 
0.30 H
0.25
0.20
0.8
L3
L4
L2
0.9 1.1 1.2 
ASflx-eq ppm
1.3 1.4
LI
1.5
— I—  
1.6
Fig. 3.2.7. Plot of AÔ (ppm) values for the aromatic protons (Ar-H) against the difference 
between axial and equatorial protons of L I, L2, L3 and L4 in C D 3 C N  at 298 K, (Tables 3.2.5. 
and 3.2.6).
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These findings led us to investigate further the interaction of the solvent with the hydrophobic 
cavity of these calixarene derivatives. Therefore, NMR titrations for LI, L3 and L4 
(ligands exhibiting similarities in their pendant arms, ‘related ligands’) with acetonitrile in 
CDCI3 and for L3 with methanol and iV i^V-dimehtylformamide in CDCI3 at 298 K were 
performed and this is discussed now.
S.2.1.5. NMR titration o f LI, L3 and L4 with acetonitrile in CDCI3 at 298 K.
The NMR titration experiments for LI, L3 and L4 with acetonitrile in C D C I3 at 298 K 
were performed as described in Chapter n, section 2.5.1. A representative spectrum of the 
titration experiments with each ligand is shown in Fig. 3.2.8, in which the resonance line 
corresponding to acetonitrile is labeled, (see Appendix 1A for the complete NMR titration 
spectra). Tables 3.2.7, 3.2.8 and 3.2.9 show the chemical shift changes of LI, L4 and L3 
protons in C D C I3 as a function of mole ratios.
FMeCNl/rLlI = 1.2
Acetonitrile
JUL
7 6 5 PPM4 3 2
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rMeCN1/rL41 = 0.9
Acetonitrile
PPM
rMeCNVrL31 =  1.0
AcetonitrileH-11 
(OH group)
PPMT—r 27 B 4 15 3
Fig. 3.2.8. Illustrative NMR spectra from the titration of LI, L4 and L3 with a solution of 
acetonitrile in CDCI3 at 298 K, respectively
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(H-I)
(H-2)
(H-3)
C=0 
?CH2 (H-6) 
CH3 (H-7)
LI
[MeCN]/[Ll] H-1 to 7 A6"
H-MeCN 
Ô AS"
0.2 0.00 2.01 -0.10
0.5 0.00 2.01 -0.10
1.0 0 .00 2.01 -0.10
1.4 0.00 2.01 -0.10
2.0 0.00 2.01 -0.10
, Relative to the free ligand, LI (see Tabie 3.2.1).
**, Relative to the chemical shifts for acetonitrile in CDCI3 at 298 K, 8 = 2.10
Table 3.2.7. Difference in the chemical shifts (A5 ppm) for the protons of LI upon titration 
with acetonitrile in CDCI3 at 298 K.
r- (H-i) (H-2)
0  =(H-6) 0
ÇH2 (H-7) ÇH2 (H -W
ÇH2 (H-B) c=o
Ÿ
ÇH2 (H-9) ÇH2 (H -t2)
CH3 (H-IO) CH3 (H-I3)
L4
[MeCN]/[L4] H-1 to 13 A6"
H-MeCN 
Ô A6^
0.3 0 .0 0 1.98 -0 .1 2
0.9 0 .0 0 1.98 -0 .1 2
1.2 0 .0 0 1.98 -0 .1 2
1.9 0 .0 1 1.98 -0 .1 2
2.8 0.01 1.98 -0 .1 2
3.7 0 .0 2 1.98 -0 .1 2
4.6 0 .0 2 1.98 -0 .1 2
6.2 0.03 1.98 -0 .1 2
136
Relative to the free ligand, L4 (see Table 3.2.3).
Relative to the chemical shifts for acetonitrile in CDCI3 at 298 K, 8 = 2.10 ppm, 
Table 3.2.8. Difference in the chemical shifts (Aô ppm) for the protons of L4 upon titration 
with acetonitrile in CDCI3 at 298 K.
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r -  fW't (it-i)
C H 2(?/-9
6 %  (H-i) 
CHafl/./w
[MeCN]/[L3] H-1, 2 A6*
H-3, 4 
A8"
H-5 to 10 
A8*
H-11
A6"
H-MeCN 
Ô AS"
0 .2 0.00, 0.03 0.00, 0.03 0 .0 0 0.08 0.35 -1.75
0.5 0.01, 0.03 0.00, 0.05 0 .0 2 0.16 0.44 -1 .6 6
1 .0 0 .0 2 , 0.06 0.01, 0.09 0 .0 1 0.28 0.62 -1.48
1 .2 0.03, 0.07 0.07, 0.10 0 .0 2 0.33 0.70 -1.40
1.7 0.03, 0.08 0 ,0 1 , 0 .1 2 0.04 0.42 0.84 -1.26
2 .2 0.04, 0.10 0.01,0.14 0.04 0.48 0.95 -1.15
3.0 0.05, 0.11 0.01,0.16 0.05 0.55 1 ,1 0 -1 .0 0
4.0 0.05,0.12 0 .0 2 , 0.18 0.05 0.62 1 .2 1 -0.89
”, Relative to the free ligand, L3 (see Table 3.2.4).
Relative to the chemical shifts for acetonitrile in CDCI3 at 298 K, S -  2.10 ppm.^ ^^
Table 3.2.9. Difference in the chemical shifts (AÔ ppm) for the protons of L3 upon titration 
with acetonitrile in CDCI3 at 298 K.
According to the chemical shift changes given in Tables 3.2.7 and 3.2.8 for the protons of 
acetonitrile (H-MeCN) in C D C I 3 , a significant shielding effect is observed. The resonance 
line for these protons appears at an upfield shift relative to its expected position (expected at Ô 
H-MeCN = 2.10 ppm in C D C I3 ) , indicating that the protons of this solvent are shielded by 
magnetic anisotropy due to the aromatic rings of LI ( 6  H-MeCN = 2.01 ppm, Aô = -0.10 
ppm) and to a greater extent by those of L4 ( 6  H-MeCN = 1.98 ppm, Aô = -0.12). These 
AÔ for H-MeCN did not show any variations by increasing the MeCN/ ligand mole ratio (LI 
and L4) in C D C I 3 . No other significant Aô is recorded for other protons in both ligands, (see 
Tables 3.2.7 and 3.2.8).
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Furthermore, a dramatic upfield shift is observed for the protons of MeCN in CDCI3 for L3 as 
shown in Table 3.2.9. However, this chemical shift change for H-MeCN varied with the mole 
ratio. In addition, chemical shift changes for one of the aromatic (H-3, 4), one of the p-tert- 
butyl (H-1, 2) and the hydroxyl (H-11) groups protons of L3, experienced a significant 
deshielding effect which increased upon increasing the mole ratio, [MeCN/ [L3] (see Table 
3.2.9).
This is a clear evidence that a molecule of acetonitrile is sitting deep within the vicinity of the 
hydrophobic cavity of L3 relative to that in LI and L4. Hence it is more shielded by the 
induced ring effect. Recently similar findings were reported for other calix[4]arene 
derivatives.
No other significant chemical shifts are observed for other protons throughout this titration.
Therefore, based on the marked chemical shift variations in the acetonitrile protons which are 
observed with the ligands investigated in C D C I3  at 298 K and supported by data given in 
Tables 3.2.5 and 3.2.6, it is suggested that acetonitrile is interacting strongly with those 
ligands in the most ‘perfect cone’ conformation (L3) and to a lesser extent with ligands in a 
‘distorted cone’ conformation (LI and L4).
Based on the observations made for the interaction of M eC N  with the ligands investigated in 
C D C I3 , and since L3 showed the most significant chemical shift changes for its aromatic rings 
protons in C D 3O D  and C 3D 7N O  (Table 3.2.4) relative to LI and L4 (Tables 3.2.1 and 3.2.3), 
L3 is further investigated for its interaction with methanol and iV/N-dimethylformamide in 
C D C I3 .
3.2.1.6, NMR titration ofL3 with methanol and N,N-dimethylformamide in CDCI3 at 298
K.
Fig. 3.2.9 shows a representative example of the ^H NMR spectra for the titration performed 
for L3 in C D C I3 against methanol at 298 K (see Appendix IB).
Table 3.2.10. lists the AÔ (ppm) values for the protons of L3 as a function of the mole ratio 
[MeOH]/[L3].
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rMeOH1/rL31 = 1.2
H-11 
(OH group) Methanol
PPM
Fig. 3.2.9. NMR spectrum from the titration of L3 with a solution of methanol in CDCI3 at 
298 K.
[MeOH]/[L3] H-1 to 10AÔ"
H-11
AÔ"
H(CH3)-MeOH 
Ô Aô*"
0.25 0.00 0.07 3.20 -0.29
0.50 0.01 0.08 3.21 -0.28
0.75 0.01 0.09 3.22 -0.27
1.00 0.01 0.10 3.23 -0.26
1.25 0.01 0.11 3.25 -0.24
1.75 0.02 0.12 3.27 -0.22
2.25 0.02 0.14 3.28 -0.21
3.00 0.02 0.15 3.31 -0.18
Relative to the free ligand, L3 (see Table 3.2.4).
\  Relative to the chemical shifts for the methyl group of methanol in CDCI3 at 298 K, 5 = 3.49 ppm.^ ®^
Table 3.2.10. Difference in the chemical shifts (Aô ppm), for the protons of L3 upon titration 
with methanol in CDCI3 at 298 K.
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The upfield shift for the methyl group of MeOH as given by the AÔ (ppm) values listed in 
Table 3.2.10, indicates that the protons of C H 3 of methanol are shielded. This agrees with the 
observation discussed in section 3.2.1.4. In addition, the deshielding effect recorded for H-11 
suggests that intramolecular or/and intermolecular (with MeOH) hydrogen bond formation is 
taking place.
When DMF was the guest, no variation in the position of the resonance line corresponding to 
the protons of this solvent was recorded in C D C I 3  (expected 8 ppm = 2.94, 2.88 and 8.01 for 
the protons of DMF in C D C I3  at 298 K)^^  ^ (see Fig. 3.2.10), in addition no change in the 
chemical shifts for the protons of L3 was observed in C D C I 3 at 2.98 K.
M «N
[DMF]/[L3] = 3.0
CH3 protons of 
DMF
CHO proton 
ofDMF
8 7 PPM6 5 4 3 2
Fig. 3.2.10. ^H NMR spectrum from the titration of L3 against W,iV-dimethylformamide in 
CDCl3at298K.
With the support of the observations made in the previous sections, it is concluded that the 
hosting ability of the hydrophobic cavity is greater for MeCN than for MeOH. Hence stronger 
shielding effect is observed for the former relative to the latter, whereas DMF m i^ t  be 
undergoing exo-L3 and exo-U  interaction.
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3.3. NMR complexation studies
In  order (i)  to  estab lish  co m p lex  form ation  b etw een  m acrocyclic  ligan d s (L I ,  L 2 , L 3  and L 4 )  
and m eta l cation s in  the so lv e n t o f  interest, ( ii)  to id en tify  the b ind in g  s ites  p articipating in  the  
com p lexa tion  p rocess  and ( iii)  to  in vestiga te  the conform ational ch an ges that th e ligan d  
u n d ergoes upon  com p lexa tion  w ith  the m eta l cation , N M R  titrations w ere  perform ed. 
C h em ica l sh ift ch an ges (Aô =  ôc -  ô f  ppm , w here Ôc and ôp den ote the ch em ica l sh ifts for the 
co m p lex  and the free ligan d  resp ective ly ) u p on  the addition  o f  the m etal ca tion  so lu tion  (njvi”  ^
== 3nL, w h ere nM^  ^ and nL are the n um ber o f  m o les  o f  the m etal cation  and the ligan d  
resp ec tiv e ly ) to  the N M R  tube con ta in ing  a so lu tion  o f  the ligan d  (kn ow n  con centration) w ere  
o n ly  ob served  for som e o f  the ca tion s in vestigated  in  the so lven ts o f  in terest (C D 3 C N , 
C D 3 O D  and C 3D 7N O ) at 2 9 8  K .
T h e fo llo w in g  m eta l ca tion s (m agn esium (II), ca lciu m (II), strontium (II), barium (II), zinc(II), 
lead(II), m ercury(II), cadm ium (II) and silver(I) as perchlorates) w ere in v estig a ted  for  
co m p lex a tio n  w ith  L I  in  C D 3 C N , C D 3 O D  and C 3D 7N O  and w ith  L 2  in  C D 3 O D  and C 3D 7N O . 
C o m p le x  form ation  b etw een  th ese m etal cation s and L 2  in  C D 3C N  w as reported.^^
For L 3  and L 4 , com p lexa tion  w ith  lith ium (I), sod ium (I), p otassiu m (I), rubidium (I) 
m a g n e s iu m (n ), ca lciu m (II), strontium (II), barium (II), z in c(II), silver(I), lead(II), m ercury(II), 
and cadm ium (II) as perchlorates, w as in vestigated  in  CD3CN, CD3OD and C3D7NO at 2 9 8  K .
T ab le  3 .3 .1  lis ts  the m etal cation s for w h ich  ch em ica l sh ift ch an ges for the p rotons o f  the  
lig a n d s under in vestiga tion  w ere  recorded  u p on  ad d ition  o f  the m etal ca tion  to  th e ligan d  in  
the N M R  tube. T h ese are g iv en  in  sectio n s 3 .3 .1  (for L I  and L 2 ) and 3 .3 .2  (for  L 3  an d  L 4 ).  
T h e ab sen ce  o f  ch em ica l sh ift ch an ges u p on  ad d ition  o f  the m etal ca tion  to th e lig a n d  in  the  
appropriate so lv e n t w as taken  as an in d ication  that n o  com p lexation  takes p la ce  b e tw e en  the  
ligan d  and the m etal cation  in vestiga ted  in  the so lv e n t o f  interest at 2 9 8  K . T h us n o  further 
in v estig a tio n s w ere perform ed.
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Ligand Solvent
M g'\ Ca"% Sr^\ Ba"+, Zn"\ Cd"\ Hg"\ Pb^+
LI
C D 3 C N
C D 3 O D
C 3D 7 N O
Mg"+, Ca"+, Ba"+, Cd"\ Hg""^ , Pb"-^ 
*
*
Mg^ +, Ca^ % Sr"+, Ba"+, Zn^ +, Cd^\ Hg^ +, Pb^ +
L2
C D 3 C N
C D 3 O D
C 3 D 7 N O
Mg"\ Ca"+ B a'\ Cd" Hg"\ Pb"+
*
*
L i\ Na+' R b\ Mg^*, Ca^ *, Ba^ +, Zn^ +. A g \
L3
C D 3 C N
C D 3 O D
C 3 D 7N O
L i\ N a\ Ca% Pb"\ Hg^\ Ag" 
Hg^Ag^
Hg"\Ag+
L f , Na '^ Rb% Ca^\ Ba^\ Zn"+, Hg" A g\ Pb^ "’
L4
C D 3 C N
C D 3 O D
C 3 D 7N O
Hg"\Ag+
Hg"\Ag+
Hg"\Ag+
*, the metal cations investigated show no evidence of interaction with these ligands in the corresponding solvent at 
298 K.
Table 3.3.1. NMR data for LI, L2, L4 and L3 with metal cations in various deuterated 
solvents at 298 K.
Based on these findings (Table 3.3.1) NMR titrations were carried out for the metal 
cations interacting with the corresponding ligands in the appropriate solvents at 298 K.
3.3.1. NMR titration experiments for L I  and L2 with bivalent cations in CD3CN at 298 K.
Tables 3.3.2 and 3.3.3 list the chemical shift changes (Aô ppm) values for LI and L2 in 
CD3CN upon addition of bivalent metal cations to the ligand in the appropriate solvent at 298 
K.
The NMR spectra of L I and L2^  ^were monitored as a function of the added metal cation, 
as described in Chapter II, section 2.5.1.
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As far as the NMR spectrum of LI is concerned, two separate groups of lines were 
observed during the titration with all metal cations. One group corresponds to the free ligand 
while the other one was assigned to the complex. During the course of the titration, the 
resonance lines of the complex increased gradually upon increasing the metal cation: ligand 
concentration ratio, [M^^]/ [LI], whereas those of the free ligand became smaller and 
disappeared when a 1:1 ([M^ "*"]/ [LI]) stoichiometry was reached. Similar observations were 
found for L2 and these cations in these solvents at 298
These findings were attributed to the kinetically slow complexation 
process on the NMR time scale.
However, the Aô values (ppm) shown in Tables 3.3.2 and 3.3.3 
4 correspond to the chemical shifts of the complexes observed at the 1:1  
stoichiometry.
Table 3.3.4 shows the values of the difference in chemical shifts 
between the axial and equatorial protons (AÔax-eq ppm) for the L I and 
L2 cation complexes in CD3CN at 298 K.
r_  (H-0
ÇH 2 (H-S)
c=o
4
ÇH 2 (H-6) 
C H 3 (H-7)
Ç H 2 (H-5)
c=o
C H 3 (H-6)
LI
Aô^/ ppm
ML1"+ H -1 H -2 H -3  (eq.) H - 4 (ax.) H -5 H - 6 H - 7
Mg"+ 0.07 0.48 0.39 Overlapped 0.16 0.24 0.15
0.07 0.48 0.44 -0.77 0 .0 1 0.29 0.16
0.07 0.48 0.39 -0.69 -0.03 0.30 0.15
0 .1 0 0.45 0.36 -0.55 -0 .2 2 0.27 0 .1 2
Pb^^ 0 .1 0 0.49 0.43 -0.56 0.04 0.29 0.16
0.08 0.49 0.43 -0.65 -0 .0 2 0.29 0.15
0.07 0.47 0.45 -0.72 -0 .0 1 0.30 0.15
", Relative to the free ligand, LI (see Table 3.2.1).
Table 3.3.2. Chemical shift changes (Aô ppm)“ in the ^H NMR spectra of L I with bivalent 
cations in CD3CN at 298
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AS”/ ppm
ML2 ”+ H -1 H -2  H -  3 (eq.) H -  4 (ax.) H - 5 H - 6
Mg"+ 0 .0 2 0.33 0.35 -0.75 0.32 0.17
0 .0 2 0.32 0.32 -1.02 0.17 0 .2 1
0 .0 2 0.33 0.33 -0.90 0.09 0.14
Ba^+ 0.06 0.30 0.23 -0.76 -0.05 0.05
0.06 0.34 0.29 -0.68 0.23 0.16
0 .0 2 0.33 0.34 -0.40 0.14 0 .2 1
0.03 0.33 0.36 -0.94 0.14 0.25
", Relative to the free ligand, L2 (see Table 3.2.2).
Table 3.3.3. Chemical shift changes (AS ppm)^ in the NMR spectra of L2 with bivalent 
cations in C D 3 C N  at 298
L I L2
ASax-eq PPM ASax-eq PPm
Mg"+ 0.35 0.46
0.34 0 .2 2
Sr^+ 0.47 0.33
Ba^+ 0.64 0.57
Pb^ "^ 0.56 0.59
0.47 0.82
Hg"+ 0.38 0.26
ASax-eq ppm for the free LI and L2 are 1.46 and 1.55, respectively.
Table 3.3,4. Difference in chemical shifts between the axial and equatorial protons (Aôax-eq 
ppm) of L I and L2 complexes with bivalent cations in CD3CN at 298 K.
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Data reported in Tables 3.3.2 and 3.3.3, show that upon complexation with these bivalent 
cations in CD3CN, the axial protons (H-4) are shielded while the equatorial protons (H-3) 
become deshielded. Thus, the difference in the chemical shift between these two protons 
(ASax-eq ppm) dccrcases from the free to the complex ligand (see Table 3.3.3), indicating that 
the complexes formed tend to have fattened cone ’ conformations as the pendant arms moves 
closer to each other to uptake the metal cation.
The significant chemical shift changes observed for the aromatic protons (H-2) in H  and L2 
metal-ion complexes, suggest that the conformational changes of the hydrophobic cavity upon 
complexation is similar for all cations with the same ligand.
Upon complex formation, the deshielding effect for H-5 is more pronounced for L2 (higher 
dipole moment; ketone p = 2.8 D) than for LI (ester p =1,72 D),^^  ^ suggesting a stronger 
interaction with the former ligand relative to the latter. In addition, H- 6  shows a significant 
deshielding effect in L2, where only small variations are recorded for H-7 in LI. These 
observations may be attributed to the less bulky methyl group in L2 relative to the ethyl group 
in LI.
3.3.2. NMR titration experiments for L3 and L4 with various metal cations in CD3CN, 
CD3OD and C3D7NO at 298 K.
Chemical shift changes (Aô ppm) upon the addition of the metal cation to the free ligand L4 
in the NMR tube in CD3CN, CD3OD and C3D7NO are shown in Tables 3.3.5, 3.3.6 and 3.3.7, 
respectively.
^H NMR spectra for the titration of L4 with Na^ and Ca^’*' are given in Appendices 1C and ID, 
respectively as illustrative examples of the measurements performed.
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From data in Table 3.3.5, the most marked deshielding effect is observed for the protons 
adjacent to both carbonyl and sulphur donor atoms (H-7, 8, 9, 10, 11, 12 and 13) for the 
PbL4^’^ complex, indicating that the ligand uses both sulphur and oxygen donor atoms 
(carbonyl and ethereal) in its interaction with the Pb^  ^cation.
Furthermore, the CaL4^  ^complex shows a pronounced deshielding effect in the protons of the 
ester arms (H-11, 12 and 13), with a little deshielding effect observed for H-10, and a more 
pronounced effect is found for the H-7 adjacent to the ethereal oxygen atoms in the sulphur 
arms, while H-8 undergoes a shielding effect, suggesting that only the carbonyl and die 
ethereal oxygen atoms interact with Ca^\ with no participation of the sulphur donor atoms. 
Similar findings were observed for LiL4^ and NaL4^ complexes with more pronounced 
shielding effects for the protons adjacent to the sulphur atoms.
Moreover, the AgL4^ complex shows that the protons of the sulphur aims (H-7, 8, 9 and 10) 
are deshielded while those of the ester arms (H-11 and 13) are shielded. The H- 12 shows an 
insignificant change, suggesting that the Ag^ cation interacts with the sulphur atoms only. On 
the other hand, Hg^  ^interacts with both sulphur atoms and to a lesser extent with the oxygen 
atoms of ligand L4. A more prominent deshielding effect is observed for the protons adjacent 
to the sulphur atoms compared to those next to the ester groups and to the ethereal oxygen 
atoms.
The uptake of a metal cation by L4 seems to provoke a change in its conformation relative to 
its free status. This is best illustrated in terms Aô = Ôeq - Ôax- In all cases, the axial protons are 
shielded while the equatorial protons are deshielded. These result from a decrease in the 
difference in chemical shifts between the two pair of doublets of the complex relative to the 
free ligand. These observations are similar to those found for LI and L2 complexes in 
CD3CN.
The CaL4^^ and PbL4^^ complexes adopt a flattened cone conformation (A3 — 0.45 and 0.46 
ppm, respectively). Moreover, LiL4^, NaL4'*‘, AgL4"^  and HgL4^  ^complexes show a perfect 
‘cone’ conformation, Aô = 0.8, 0.81, 1.11 and 1.07 ppm, respectively, relative to the free 
ligand with a Aô = 1.24 ppm, for a distorted ‘cone’ conformation. These data are shown in 
Fig. 3.3.1.
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AÔax.-cqppm
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
.Az\(2)-  ^Hg ^ ' W
- "Na""
__________ C6l ____ /6L.
# r* r .2 + _
- ( 6 ) (8)
0 0.2 0.4 0.6 0.8 1 1.2 1.4
■■■"I
1.6
r (Â)
Fig. 3.3.1. Plot of the difference in chemical shifts between equatorial (H-5) and axial (H-6 ) 
protons (AS = Seq -  Sax. ppm) for L4 complexes v.y. ionic radii, r (A), of metal cations in 
CD3CN at 298 K. Red lines are the limits in ASax-eq for a ‘perfect cone’ conformation, while 
the blue ones are for a ‘flattened cone’. The numbers in brackets are the coordination
numbers. 139
Furthermore, the protons of the hydrophobic cavity exhibit a remarkable deshielding effect in 
the aromatic protons (H-3 and 4), to a lesser extent for the tert-huty\ groups (H-1 and 2) of L4 
metal-ion complexes in CD3CN. Each of the following three pairs of complexes, [LiL4^, 
NaL4^], [CaL4^\ PbL4^ "^ ] and [HgL4^ ,^ AgL4^] have a similar chemical shift for H-3 and 4, 
which may indicate a similar conformation of the hydrophobic cavity of each pair of these 
complexes. This is emphasised by the early observation made of the similar differences found 
in the chemical shift changes (AS ppm) between the equatorial and axial protons for these 
pairs (Fig. 3.3.1).
The similarity observed in the conformation of these pairs of complexes is due to the fact that 
complexation with metal cations by the hydrophilic cavity, forces the pendant arms 
participating in the process, to move closer to embrace their guest. On the other hand, the 
arms that are not taking part in the binding process tend to repel each other due to the 
electrostatic effect. As a consequence, aromatic rings of the latter arms will stand parallel to 
each other while those of the former will become more flattened relative to the pendant arms 
of the fiee ligand. This is observed in the case of the first pair of complexes [LiL4^, NaL4‘‘'], 
where Li  ^ and Na"^  {hard metal cations) bind with the carbonyl and ethereal oxygen atoms 
{hard atoms).
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For [CaL4 '^*', PbL4^^], all pendant arms move closer to the metal cation, thus adopting the 
most flattened conformation of all L4-cation complexes. This conformational similarity in 
this latter pair might be due to Ca^  ^leaving the sulphur atoms free and binding significantly 
with all ethereal oxygen atoms, thus pulling them closer inward the hydrophilic cavity and as 
a result a flattened conformer is created.
On the other hand for [HgL4^^, AgL4^], the observed ‘cone’ conformation is due to the fact 
that both cations are coordinating with the sulphur donor atoms and to a lesser extent with the 
oxygen atoms in the case of Hg^ "** only. Hence, both sulphur pendant arms will be positioned 
in an equivalent manner to uptake their guest. Thus, the aromatic rings in the upper rim will 
stand in a similar fashion for both complexes.
As far as the complexation of L4 and metal cations in C D 3 O D  is concerned. Table 3.3.6 
shows that, both complexes HgL4^^ and AgL4^ exhibit parallel changes in the chemical 
shifts, indicating that both undergo similar conformational changes with respect to the free 
ligand. Analogous behaviour is observed for these two complexes in C D 3 O D  as their 
analogues in C D 3 C N  at 298 K (see Appendix IE and IF for the ^H NMR spectra for the 
titration of L4 with Ag"^  and Hg^  ^cations (as perchlorates) in C D 3 O D , respectively).
Parallel but more pronounced chemical shift changes are observed (Tables 3.3.7 and 3.3.6) for 
the protons of both complexes HgL4 '^^ and AgL4‘*' in C 3D 7N O  relative to C D 3 O D  at 298 K 
(see Appendix IG and IH for the NMR spectra for the titration of L4 with Ag"^  and Hg^*** 
(as perchlorates) in C 3 D 7N O , respectively).
^H NMR chemical shift changes (Aô = ôc -  ôp ppm) for the Ag"^  and Hg^^ complexes with L3 
at the 1:1 stoichiometry (M^^:L3) in C D 3 C N , C D 3 O D  and C 3 D 7N O  are given in Tables 3.3.8 
and 3.3.0, respectively.
AS® ppm
AgL3+ H -1 , 2 H - 3 ,4 H -5  (eq .) H -6  (ax .) H -7 H -8 H -9 H -1 0 H -11
C D 3C N
-0 .0 2 ,
0 . 0 0
0 .0 2 ,
0 . 0 1
0 . 0 2 -0 .05 0.03 0 . 1 0 0 . 1 1 0.05 -0 .07
CD 3 O D
0 .0 4 ,
0 .0 4
0 . 1 0 ,
0 .09
0.13 -0 . 1 0 0.15 0,28 0 .2 6 0 . 1 2 -
C 3D 7N O
-0 .0 2 ,
0 . 0 1
0 .0 2 ,
0 .08 0 . 1 1
-0 .07 0.19 0 .36 0 .39 0 .1 7 -0 .25
, Relative to the free ligand, L3 (see Table 3.2.4).
Table 3.3.8. Chemical shift changes (Aô ppm)® in the ^H NMR spectrum of L3 with Ag^ in 
various deuterated solvents at 298 K.
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Aô“ ppm
HgL3^^ H -1,2 H -3,4 H-5 (eq.) H-6  (ax.) H-7 H-8 H-9 H-10 H-11
CD3CN 0 .21 ,-0.08
0.14,
0.47 0.12 -0.04 0.12 0.33 0.39 0.13 -
CD3OD -0 .11,0.06
-0.13,
0.07 0.08 -0.06 0.20 0.11 - 0.21 -
C3D7NO -0 .01 ,0.01
0 .01,
0.07 0.08 -0.02 0.21 0.71 0.69 0.21 -0.45
Relative to the free ligand, L3 (see Table 3.2.4).
T a b le  3 .3 .9 . C h em ica l sh ift ch an ges (A 5 ppm)® in  th e N M R  spectrum  o f  L 3  w ith  Hg^^ in  
various deuterated so lven ts at 2 9 8  K.
A s  far as AgL3'"' co m p lex es in  C D 3 C N , C D 3 O D  and C 3D 7N O  are concern ed ; a s ign ifican t  
d esh ie ld in g  e ffe c t  is  ob served  for H - 8 , 9  and 10 in  C 3D 7N O  and to  a le sser  ex ten t in  C D 3 O D  
and C D 3 C N , su g g estin g  that the interaction b e tw e en  L 3  and Ag"  ^ takes p la ce  through the  
su lphur atom s o f  th e pendant arm s. S im ilar ob servation s can b e foun d  for th e in teraction  o f  
A g^ w ith  L 4 , w h ere on ly  the sulphur atom s participate in  the b in d in g  w ith  th is ca tion  w h ile  
the carbonyl and eth o x y  o x y g en  atom s d o  n o t se em  to h ave an active  ro le  in  co m p lex  
form ation. A  sim ilar interpretation can  b e  g iv e n  to  the HgL3^^ co m p lex es  form ed  in  th e sam e  
m ed ia , h igh er d esh ie ld in g  e ffec ts  are ob served  in  C D 3 C N  and C 3D 7N O  and to  a le sser  ex ten t  
in  C D 3O D , relative to  Ag"** com p lexes.
O n  the other hand, the d ifferen ce b etw een  the ax ia l and equatorial protons for the Ag^  
c o m p lex e s  in  C D 3 C N , C D 3O D  and C 3D 7N O  (Aôax-eq =  0 .8 4 , 0 .7 5  and 0 .6 5  resp ec tiv e ly )  
su g g est  that the hydroph obic cav ity  o f  L 3  undertake sign ifican t adjustm ent to  its fla tten in g  
d egree in  the latter so lv en t relative to the form er on es. T h is is  accom p an ied  b y  th e m ore  
p ron ou n ced  rep osition  o f  H -1 1 w ith in  the core o f  the arom atic rings area or th e h yd rogen  
b o n d  form ation  w ith  eth oxy  o x y g e n  atom s, resu ltin g  in  a con sid erab le sh ie ld in g  e ffe c t  (H -11  
ou t o f  range in  C D 3 O D ), upon  com p lexation . H o w ev er , in  the case  o f  Hg^^ the fla tten in g  
d egree  o f  the co n e  tends to increase su c c e ss iv e ly  w h e n  m o v in g  from  C D 3 C N  and C D 3 O D  to  
C 3D 7N O  a lo n g  w ith  the sh ie ld in g  e ffe c t  o n  H -11 in  the case  o f  C 3D 7N O  (H -11  w a s  n o t  
lo ca ted  in  the ^H N M R  spectra in  other so lven ts).
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In all complexes formed between and Ag^ with L3 in the solvents investigated, it is only 
for the former cation in CD3CN that a significant chemical shift change is observed for the 
aromatic (H-3, 4) and one of the p~tert-hvXy\ groups protons (H-1, 2). These findings suggest 
that in this case, the complexation process involving L3 with Hg^^ may encounter a prominent 
interference due to the interaction of the solvent with the hydrophobic cavity of this ligand 
relative to the other solvents, whereas this observation seems to be absent in the case of Ag^ 
interacting with L3 in this CD3CN.
To assess the composition of the metal cation complexes formed in the solvents of interest, 
conductimetric titrations were carried out and these are now discussed.
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3.4. Conductance measurements
Conductance measurements were performed in order to investigate the behaviour of the 
electrolytes concerned in the solvent of interest (acetonitrile, methanol and N,N- 
dimethylformamide) at 298.15 K, as well as to provide information regarding the 
stoichiometry of the complex formed between these metal cations and these ligands (LI, L3 
and L4) in MeCN, MeOH, DMF and PC at 298.15 K.
Conductance measurements are based on Ohm's law (eq.3.17),^^^ which states that the 
current, I (amperes), in a conductor is directly proportional to the applied electromotive force, 
E (volts), and inversely proportional to the resistance, R (ohms), of the conductor.
/  — — e^.3.17R
The reciprocal of the resistance is termed the conductivity, and it is measured in Siemens (eq. 
3.17). The resistance of a sample of homogeneous material of length 1, and cross-sectional 
area A, is given by:
R = p x ~  e^.3.18A
where the resistivity, p (Q.cm), is a characteristic property of the material, (eq. 3.19).
p  = R x ~  eq.3,l9
The reciprocal of the resistivity is the conductivity fc = ~  (Q’^  cm"^  or S cm" )^ (eq. 3.20).P
Therefore,
^  = eq.3.20A R
The conductivity of the solution under investigation is obtained using the pre-determined
value of the cell constant {9 = —) and the measured value of the resistance, R, of the sameA
sample according to eq. 3.21.
K . - — eq.3.2\R
The conductivity of an electrolyte solution depends on the number of ions present, therefore, 
the molar conductance. Am (S cm^mol"^) is given in eq. 3.22.
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ag.3.22c
In this eq. 3.22, c is the concentration of on the molar scale (mol dm'^).
A plot of molar conductance Am, against ligand:metal cation concentration ratio 
([Ligand]/[metal cation]), provides information about the stoichiometry of the complex 
formed as well as on the strength of interaction between the ligand and the metal cation in the 
appropriate solvent. Three patterns in conductimetric plots were observed and these are 
discussed as follows:
(i) A clear and sharp break in the curve formed by two straight lines at the 
stoichiometry of the complex, suggests that the complex is highly stable.
(ii) A continuous change in the variation of the conductance produced a broad curve, 
suggesting the formation of a moderately stable complex.
(Hi) Very little or no changes in the molar conductance, are an indication that very 
weak or no complexation occurs.
Before proceeding with conductimetric titrations, the cell constant, 0, was determined as 
detailed below.
3.4 J .  Determination o f the cell constant at 298.15 K
The cell constant was determined using the method described in Chapter II, section 2.6.2. 
Table 3.4.1 shows the molar conductance data for KCl at various concentrations, ci mol dm'^, 
and the corresponding calculated values of the cell constant in de-ionised water at 298.15 K. 
The initial weight and conductance of de-ionised water in the vessel (0.95 x 10'^ S), and the 
incremental weight resulting from the addition of KCl solution were considered.
The initial volume Vi was calculated from the weight, (JVt, gm) and the density of water (d = 
0.997 g dm'^ at 298.15 K) using eq. 3.23.
Wtp ;= —  ggr.3.23d
Thus, the final concentration of KCl, C2 (mol dm'^) in the vessel was calculated using eq. 3.24.
= eg.3.24
where V2 (dm"^) is the total volume after the addition of the KCl solution in the reaction 
vessel.
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C2/mol dm‘^ S/Q-^ Am /  S cm^ mot^ 6 /  crri^
4.30 X 10*^ 6.72 X 10-5 147.44 0.96
1.04 X 10"^ 1.59 X 10"^ 146.35 0.95
1.61 X 10'^ 2.45 X 10"^ 145.61 0.96
2.18 X IQ-3 3.31 X IQ-^ 145.02 0.95
2.80 X 10-3 4.19 X 10-^ 144.50 0.95
3.21 X 10-3 4.84 X 10-4 144.13 0.96
3.82 X 10-3 5.71 X 10-4 143.70 0.97
4.85 X 10-3 7.25 X 10-4 143.01 0.97
5.40 X 10-3 8.04 X 10-4 142.70 0.96
6.50 X 10-3 9.58 X 10-4 142.12 0.96
7.53 X 10-3 1.11 X 10-3 141.61 0.96
Table 3.4.1 Conductance data of an aqueous solution of KCl at various concentrations, c mol 
dm' ,^ at 298.15 K for the calculation of the cell constant ^(cm'^).
From data shown in Table 3.4.1, the average value of the cell constant 9 (cm'^) was calculated 
and found to be 0.96 ± 0.01 cm"\
Having determined the cell constant, it was necessary to establish the concentration range at 
which the metal cation salts under investigation behave as strong electrolytes at 298.15 K.
3.4.2. Conductance measurements of the free metal cation salts in non-aqueous media at
298.15 K.
The spéciations in solution are of particular importance when working with bivalent metal 
cations in non-aqueous media, due to the fact that these ions have a tendency to undergo ion- 
pair formation with their counter anions. Therefore, the data treatment suggested by 
‘Onsager’, (eq. 3.25),^^^  was used to determine the concentrations at which the metal cation 
salts behave as strong electrolytes (ions predominantly in solution) in the solvents 
investigated. Therefore, the molar conductance. Am (S .cm  ^ mol'*) was plotted against the 
square root of the ionic strength, (mol^ *^  ^dm"^ ^^ ), of the electrolyte.
I l l
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A,„ = Aq -  A^fI eq.3.25
where Ao is the limiting molar conductance at infinite dilution and ^  is a constant. 
Conductimetric titration curves, (plots of Am vs. for Cu^ "^ , Cd^  ^and Hg^  ^(as
perchlorates) solutions in acetonitrile at 298.15 K, are given in Figs. 3.4.1-3.4.5 respectively. 
Corresponding conductimetric titration data are given in Tables 2A.1-2A.5, (see Appendix 
2A).
Furthermore, conductimetric titration curves for Hg^  ^ in methanol and N,N- 
dimethylformamide at 298.15 K, are given in Figs. 3.4.6 and 3.4.7 respectively. Tables 2A.6 
and 2A.7 show the values of molar conductance and the square root of ionic strength of this 
electrolyte in the latter two solvents respectively, (see Appendix 2A).
These measurements show that at higher concentrations, the value of Am decreases 
considerably and linearly, indicating that possible interaction takes place between the metal 
cation and the perchlorate anion. However, reasonable linear behaviours (Figs. 3.4.1-3.4.7) 
were obtained for the metal-ion salts investigated in acetonitrile, methanol and N,N- 
dimethylformamide at 298.15 K.
These findings clearly indicate that ions are the predominant species in solution, and that ion- 
pairs do not play an effective role in the range of concentration studied for these salts.
300 1
y = -1407.61x4-348.85
R^  = 0.99270 -
A 240 - Am
S.cm^mor  ^ 210 -
180 -
150
0.04 0.140.06 0.08 0.10 0.12
Fig. 3.4.1. Plot of Am vs. for Ca'^ ’*’ (as perchlorate) solution in acetonitrile at 298.15 K..2+
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Fig. 3.4.2. Plot o î Am for Pb^ '*' (as perchlorate) solution in acetonitrile at 298.15 K.
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Fig. 3.4.3. Plot of ylfM vs. 7^  ^for Cu^ "^  (as perchlorate) solution in acetonitrile at 298.15 K.
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Fig. 3.4.4. Plot of Am VJ. for (as perchlorate) solution in acetonitrile at 298.15 K
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Fig. 3.4,5. Plot of Am for (as perchlorate) solution in acetonitrile at 298.15 K.. 2+
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Fig. 3.4.6. Plot o f A,„ vs, for (as perchlorate) solution in methanol at 298.15 K.- 2+
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Fig. 3.4.7. Plot of Am for Hg^^ (as perchlorate) solution in A^.iV-dimethylformamide at
298.15 K.
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3.4.3. Conductimetric titration ofHg^^ (asperchlorate) with L I  in acetonitrile at 298.15 K.
Table 2B.1 (see Appendix 2B) shows the results obtained from the 
conductimetric titration of (as perchlorate) with LI in acetonitrile at 
^ 298.15 K. This table lists the molar conductance, Am (S cm^ mol'^), recorded 
-  0  ^ 4 after each addition of the ligand to the metal-ion salt in the reaction vessel and
the ligand to metal cation concentration ratio, [LI] /  concentrationCHi
OI ranges on the molar scale. The corresponding conductimetric titration curve isCH2LI 'ch3 shown in Fig. 3.4.8.
Titration of the metal cation solution (in the vessel) with the ligand solution leads to a 
decrease in the molar conductance with the formation of the metal cation complex. This is 
expected due to the conversion of the free cation into the metal cation complex, where the size 
of the latter is larger than the former and therefore its mobility decreases, hence, its molar 
conductance.
A continuous variation in the molar conductance with increasing the ([LI]/ [Hg^^]) 
concentration ratio, suggests the formation of a moderate complex. Extrapolation at low and 
high ligand/metal cation ratio gave an intersection corresponding to a complex of 1:1 
stoichiometry.
Conductimetric titration experiments for L I with the Mg^ "^ , Ca^ ,^ Sr^ "^ , Ba^ *^ , Pb^ **", Cd^  ^
cations in MeCN indicated the formation of 1:1 complexes in acetonitrile at 298.15
<1
340 1
330 -
320 -e
""G 310-tZJ
300 - ** ♦♦
290
3.50.0 0.5 1.0 2.0 2.5 3.01.5
[Ll]/[Hg'1
Fig. 3.4.8. Conductimetric titration curve ofHg^^ (as perchlorate) with LI in acetonitrile
at 298.15 K.
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3.4.4. Conductimetric titrations of metal cations with L4 and L3 in acetonitrile at 298.15 K.
Tables 2C.1, 2C.2, 2C.3, 2C.4, 2C.5 and 2C.6 give the results 
obtained from the conductimetric titration of Li ,^ N a\ Hg^ ,^ Pb^\ 
Ca^  ^and Ag”*" (as perchlorates) with L4 in acetonitrile at 298.15 K, 
respectively.
The conductimetric titration curves for Hg^ ,^ Li% N a\ and Pb^  ^with 
L4 are given in Figs. 3.4.9, 3.4.10, 3.4.11 and 3.4.12, respectively.
In these figures a decrease in the molar conductance values is observed upon increasing the 
concentration of L4 in the vessel. Similar interpretation can be given as previously discussed 
in section 3.4.3. A clear and sharp break point is observed for Hg^ '*’ (Figs. 3.4.9) at the 1:1 
stoichiometry of the reaction, which suggest the formation of a relatively strong complex.
In Figs. 3.4.10, 3.4.11 and 3,4.12 the break points found at the 1:1 stoichiometry are not as 
sharp as the one observed in Fig. 3.4.11, thus indicating that Li ,^ Na^ and Pb^  ^ form 
complexes of lower stability with L4 in acetonitrile than that for Hg^  ^and this ligand in this 
solvent.
For Ca^  ^and Ag'*’ (as perchlorates). Figs. 3.4.13 and 3.4.14 show a gradual and a continuous 
decrease in the molar conductance throughout the titration experiments, suggesting that these 
complexes are relatively weak. However, the 1:1 complex stoichiometry was determined by 
extrapolation at low and high metal/ ligand ratio.
8
410 -] 
390 - 
L  370 - I 350
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290 
270 4 
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*** ♦♦ ♦ ♦
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[L4]/[Hg"1
3.0 3.5
Fig. 3.4.9. Conductimetric titration curve of Hg^  ^ (as perchlorate) with L4 in acetonitrile at
298.15 K.
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Fig. 3.4.10. Conductimetric titration curve of Li"*" (as perchlorate) with L4 in acetonitrile at
298.15 K.
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Fig. 3.4.11. Conductimetric titration curve of Na^ (as perchlorate) with L4 in acetonitrile at
298.15 K.
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335
325
I  315 -
"i 305 -
^  295 -
285 - 
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[L41/[Pb"1
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Fig. 3.4.12. Conductimetric titration curve of (as perchlorate) with L4 in acetonitrile at
298.15 K.
117
ResuCts ancC discussion Chapter Three
<?
380 -
370 -
360 -
N
§ 350 -cc
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IL4/[Ca '^*]
Fig. 3.4.13. Conductimetric titration curve of Ca^ "*" (as perchlorate) with L4 in acetonitrile at
298.15 K.
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G 160 4
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[L4]/[Ag1
Fig. 3.4.14. Conductimetric titration curve of Ag”^ (as perchlorate) with L4 in acetonitrile at
298.15 K.
Tables 2C.7 and 2C.8 show conductimetric data for the titrations of 
Hg^ '*' and Ag"^  (as perchlorates) with L3 in acetonitrile at 298.15 K, 
respectively. Corresponding titration curves are given in Figs.3.4.15 
and 3.4.16 successively.
Similar conclusions were drawn for these conductimetric titration 
experiments as previously discussed for L4 with the same metal 
cations in acetonitrile at 298.15 K.
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[L3]/[Hg^^]
Fig. 3.4.15. Conductimetric titration curve of (as perchlorate) with L3 in acetonitrile at
298.15 K.
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Fig. 3.4.16. Conductimetric titration curve of Ag""" (as perchlorate) with L3 in acetonitrile at
298.15 K.
The medium effect on the complexation process can be qualitatively assessed by conductance 
measurements in different solvents using the same ligand and metal cation. In a strongly 
solvating medium such as DMF, the solvation of metal cations is stronger than in MeOH and 
strongest than in MeCN and PC (as given by the Gutmann numbers 26.6, 23.5, 15.1 and 14.1 
for DMF, MeOH, PC and MeCN, respectively), with Ag^ being an exception showing the 
highest solvation in MeCN relative to DMF and MeOH respectively. Solution Gibbs 
energy values of L3 and L4 presented in Tables 3.15 and 3.17 respectively, show that these 
ligands are better solvated in DMF than in MeCN and to a lesser extent in MeOH. Therefore, 
conductimetric titrations of various metal cations with L3 and L4 were performed in MeOH, 
DMF and PC at 298.15 K (sections 3.4.5, 3.4.6 and 3.4.7, respectively).
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3.4.5. Conductimetric titrations o f metal cations with L4 and L3 in methanol at 298.15 K.
Tables 2D.1-2D.3 (see Appendix 2D) show the results obtained from 
the conductimetric titrations of Ag"*" and Cu^ '*' (as perchlorates) 
2 with L4 in methanol at 298.15 K, respectively. Corresponding plots 
Q of Am vj. [L4] /  [Irf^] are shown in Figs. 3.4.17-3.4.19 respectively.
oCH, A decrease in molar conductances with the formation of the metal
'CH, cation complexes in methanol is observed.
However for the conductimetric titration of Hg^ '*' with L4, the slope of the curve in Fig. 3.4.17 
is changing gradually. This indicates that the complex formed is of moderate strength. 
Extrapolation at low and high ligand/metal cation ratio gave an intersection corresponding to 
a 1:1 stoichiometry. On the other hand, Fig. 3.4.18 shows a sharp break point at the 1:1 
complex stoichiometry, indicating the formation of a relatively strong complex between this 
ligand (L4) and Ag"^  in methanol at 298.15 K.
It is quite clear from the results shown in section 3.4.4 that the HgL4^^ complex in acetonitrile 
is more stable than in methanol, while the opposite behaviour is observed for the AgL4'** 
complex in these solvents. This behaviour is best demonstrated in the thermodynamics 
associated with the complexation process, as discussed later.
Fig. 3.4.19 shows small variations in the molar conductance (± 1 unit of Am) throughout the 
course of the titration. Therefore, complexation between L4 and Cu^ "^  (as perchlorate) is 
hardly occurring in methanol at 298.15 K.
280 -] 
265 - 
250 -
*1 ■ 220-
V 205 -
190 - 
175 - 
160
0
♦ ♦ ♦ ♦
0.5 1.5
[L4]/[Hg'^l
2.5
Fig. 3.4,17. Conductimetric titration curve of Hg^  ^ (as perchlorate) with L4 in methanol at
298.15 IC
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Fig. 3.4.18. Conductimetric titration curve of Ag^ (as perchlorate) with L4 in methanol at
298.15 K.
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y  236 a S < '^ g  234
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0.00 0.50 1.00 1.50 2.00 2.50
[L4]/[Cu"^]
Fig. 3.4.19. Conductimetric titration curve of Cu^  ^ (as perchlorate) with L4 in methanol at
298.15 K.
As far as L3 is concerned, conductimetric titration data of Hg^^, 
Ag'*' and Cu^ "'' (as perchlorates) with this ligand in methanol at
298.15 K are given in Tables 2D.4-2D.6 (Appendix 2D), 
respectively. Figs. 3.4.20-3.4.22 show the relevant titration curves. 
Similar behaviour is observed as previously discussed in the case of 
these metal cations with L4 in methanol at 298.15 K. Thus, the
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HgL3^^ complex is of moderate strength while that of Ag^ and L3 is strong in methanol. Both 
complexes have a 1:1 stoichiometry. On the other hand, hardly complexes with L3 in 
this solvent.
230
220 i
210\  200 -
190-° 180 - c / 3 170
160
150
0.5 1.5
[L31/[Hg'1
2.5
Fig, 3.4.20. Conductimetric titration curve of Hg^^ (as perchlorate) with L3 in methanol at
298.15 K.
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Fig. 3.4.21. Conductimetric titration curve of Ag"^  (as perchlorate) with L3 in methanol at
298.15 K.
244 -
240 -
4c5S
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Fig. 3.4.22. Conductimetric titration curve of Cu^ *^  (as perchlorate) with L3 in methanol at
298.15 K.
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3.4.6. Conductimetric titrations o f metal cations with L4 and L3 in N,N-dimethylformamide at
298.15 K.
ChC ÇH,A
9CHj CHjL4 'CH,
Figs. 3.4.23 and 3.4.24 represent the results obtained for the 
titration of Hg '^^and Ag"*" (as perchlorates) with L4 in N,N- 
dimethylformamide at 298.15 K, respectively. Corresponding 
titration data (Am and [L4]/[hf^]) are given in Tables 2E.1 and 
2E.2 (see Appendix 2E).
In these figures a continuous decrease in the molar conductance 
upon the addition of the ligand L4 into the vessel containing the metal cation solution is 
shown, revealing that in A,iV-dimethylformamide the AgL3^ is of moderate strength. To a 
lesser extent, this is also the case for HgL3^^ complex in this solvent. In addition, this 
decrease in conductance can be attributed to the larger sizes of the cation complexes relative 
to their free cations as discussed above (Section 3.4.3, this Chapter). Extrapolation at low and 
high ligand / metal cation ratio shows that these complexes have a 1:1 stoichiometry.
80 1
70 -<
G 60 -
"I 50 -
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♦ ♦ ♦ ♦ ♦
 0.5 1 1.5 2.5 3.5
[L4]/[Ag1
Fig. 3.4.23, Conductimetric titration curve of Ag^ (as perchlorate) with L4 in N,N- 
dimethylformamide at 298.15 K.
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Fig. 3.4.24. Conductimetric titration curve of (as perchlorates) with L4 in N,N- 
dimethylformamide at 298.15 K.
Tables 2E.3-2E.5 (Appendix 2E) show conductimetric titration data 
(Am and [L3]/[M^'^]) of Hg^ ,^ Ag"^  and Cu^  ^ (as perchlorates) with 
L3 in A/A-dimethylfbrmamide at 298.15 K, respectively. 
Corresponding plots of Am (S cm  ^mol"^ ) vs. [L3]/[M^^] are given 
in Figs. 3.4.25-3.4.27.
Similar interpretations to those previously discussed for L4, are 
given for the titrations of these cations (as perchlorates) with L3 in iV,iV-dimethylformamide 
at 298.15 K.
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Fig. 3.4.25. Conductimetric titration curve of Ag^ (as perchlorate) with L3 in N.N- 
dimethylformamide at 298.15 K.
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Fig. 3.4.26. Conductimetric titration curve of (as perchlorate) with L3 in N,N- 
dimethylformamide at 298.15 K.
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Fig. 3.4.27. Conductimetric titration curve of Cu^  ^ (as perchlorate) with L3 in N,N- 
dimethylformamide at 298.15 K.
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3.4.7. Conductimetric titrations o f metal cations with L4 and L3 in propylene carbonate at
CH,
CHj
CH-
'C H ,L4
Conductimetric titration data given in Tables 2F.1-2F.6 (see Appendix 
2F) for N a \ Li"*", Ca^ "^ , Pb^ ,^ Hg^^ and Ag"^  (as perchlorates) with L4 in 
PC at 298.15 K, showed insignificant changes in the conductance by 
the addition of the ligand to these metal cations. Therefore, it emerge 
that L4 does not recognisze selectively any of the metal cations 
investigated in this medium.
The conductimetric titration curve for Hg^ "^  with L4 in PC at 298.15 K is given as a 
representative example. Corresponding titration curves are given in Appendix 2F.
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Fig. 3.4.28. Conductimetric titration curve of Hg *^ (as perchlorate) with L4 in propylene 
carbonate at 298.15 K.
Conductimetric titrations of Hg^^ and Ag"^  (as perchlorates) with L3 
in propylene carbonate at 298.15 K, showed similar behaviour to 
that of L4. Similar interpretation is given as previously discussed in 
this section for L4.
Tables 2F.7 and 2F.8 with their corresponding titration curves are 
given in Appendix 2F for the conductimetric titrations of Hg^ '*' and 
Ag"" with L3 in PC at 298.15 K.
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Having determined i) the stoichiometry of the complexes formed between LI, L2,^  ^L3 and 
L4 with various metal cations in acetonitrile, methanol and A^dimethylfbrmamide and ii) 
the concentration range in which the salts are predominantly in their ionic forms in these 
solvents at 298.15 K, the thermodynamics of these systems were investigated using 
calorimetry and potentiometry and this is now discussed.
3.5. Thermodynamics of complexation of L1, L2, L3 and L4 and metal cations in 
acetonitrile, methanol and A/,A/-dimethylformamide at 298.15 K.
The two techniques used for the determination of thermodynamic parameters of complexation 
for LI, L2, L3 and L4 and metal cations in acetonitrile, methanol and N,N- 
dimethylformamide at 298.15 K are (i) titration potentiometry and (ii) titration calorimetry as 
described in Chapter II, sections 2.7 and 2.8, respectively.
3.5.1.Potentiometric titrations
The potentiometric titration technique (direct and competitive) using silver electrodes was 
used to determine the stability constants of L3 and L4 with metal cations in the solvent of 
interest at 298.15 K, as described in Chapter II, section 2.8. The silver electrodes enable the 
measurement of very low concentrations (or activities) of silver ions in solution, which occur 
when relatively strong silver complexes are formed
Consequently, a reversible silver / silver ion selective electrode was used in the potentiometric 
titrations performed in this thesis.
A computer programme ^Hyperqua<T^^  ^was used to perform all calculations given in Section
3.5.I.2.
3.5.1.1. Calibration o f the silver electrodes.
The silver electrodes were calibrated as described in Chapter II, section 2.8.2. Fig. 3.5.1 
shows a representative example for the calibration experiments performed prior to the 
determination of the stability constant of L4 with Ag^ in acetonitrile at 298.15 K (discussed 
later on in section 3.5.1.2). These plots of voltage (E, mV) against -logfAg"*”] are shown in 
MeCN, MeOH and DMF.
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Fig. 3.5.1. Calibration of the silver electrodes in acetonitrile (a), methanol (b) and N,N- 
dimethylformamide (c) at 298.15 K, respectively.
A good agreement with the theoretical value (-59.61 mV for univalent cation at 298.15 K)
calculated from the Nemst equation given in Chapter II, eq. 2.23 is observed in these solvents.
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3.5.1.2. Determination o f the stability constant o f the silver cation with ligands (L3 and L4) in 
acetonitrile, methanol and N,N-dimethylformamide at 298.15 K.
Having performed the calibration of the silver electrodes in the solvents under investigation, a 
solution of L (L3 or L4) was prepared in the solvent of interest, (s), (MeCN, MeOH and 
DMF) and titrated into a solution containing an excess of silver cation in the vessel of the 
working electrode, until the formation of a stable AgL^ complex (see eq, 3.17). During the 
course of the titration, the potential of the cell decreases as the complex is formed.
Ag^(s)+L^^^— ^^-^AgÜis) eq3A l
In eq. 3.17, the stability constant, Kg, is referred to the standard state of 1 mol dm"  ^ for the 
reactants and the product on the molar scale.
K, = eg3.18
hi eq. 3.18, [AgL^], [Ag’*'], [L], a and /denote the molar concentrations of the silver complex, 
the free silver, the free ligand (L3 or L4), the activity and the activity coefficient,
respectively. For relatively diluted solutions, y±L 1 and y±AgL+ = y±Ag+-
The total concentration of silver ion, [Ag‘‘]T, in solution is given by
Rearranging eq. 3.19 gives,
[v4gr] = [^ + ]^ -W g + ] gg.3.20
The activity of free silver, hence its concentration is calculated from the Nemst equation (eq. 
3.23),
The total concentration of the ligand in the reaction vessel, [L]t, is calculated from eq. 3.22,
[L]^={L]y[AgÜ] eq.3.22
Rearrangement of eq. 3.22 gives,
[L \= ^{L \-[A gÜ ] eq3.23
Combination of eqs. 3.20, 3.21 and 3.23 allows the calculation oîKg according to eq. 3.18.
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Stability constant (expressed in terms of logarithms), derived Gibbs energy of complexation 
(eq. 2.20) and the standard deviation (eq. 3.9) of L3 and the silver cation and those for L4, in 
MeCN, MeOH and DMF at 298.15 K, are reported in Tables 3.5.1 and 3.5.2, respectively.
AgL3^ MeCN MeOH DMF
logKs 3.1 ±0.1 7.26 ± 0.03 4.20 ± 0.03
-17.70 ±0.05 -41.4 ±0.1 -23.97 ±0.2
Table 3.5.1. Stability constants and derived standard Gibbs energies of complexation of L3 
and the silver cation in MeCN, MeOH and DMF at 298.15 K.
AgL4^ MeCN MeOH DMF
logKs 3.95 ±0.05 7.71 ±0.05 4.65 ± 0.03
AcG^ (kJm of) -22.54 ± 0.41 -44.0 ±0.2 -26.5 ± 0.2
Table 3.5.2. Stability constants and derived standard Gibbs energies of complexation of L4 
and the silver cation in MeCN, MeOH and DMF at 298.15 K.
According to the data given in Tables 3.5.1 and 3.5.2, both ligands (L3 and L4) show similar 
stability of complex formation with Ag"^  (as perchlorate) in each of the solvents investigated 
at 298.15 K.
In a preceding chapter using the NMR titration technique (Chapter III, section 3.3.2) it was 
shown that Ag"^  is likely to interact only with the thioethyl moieties {sulphur atoms) of L4 in 
CD3CN, CD3OD and C3D7NO, leaving the ester moieties free. On the other hand, for L3 
where the pendant arms containing the ester groups are absent, ^H NMR titration studies in 
the same solvents as for L4 showed that interaction takes place with Ag""" via the thioethyl 
moieties identical to those in L4. In addition, conductimetric titrations revealed the formation 
of 1:1 complex between L3, L4 and Ag^ in MeCN, MeOH and DMF at 298.15 K.
OH0%
L3
CH,
CH,
.CH,CH/ 'CH,
L4
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The closely related ligands structure as shown above (L3 and L4) and its effect on the 
stability of complexes with Ag^ can be quantitatively assessed by calculating the selectivity
K,
factor S = — (AgL4^ as reference), defined as the ratio of the stability constant for theK.{Agir-)
complexation process of L4 to that of L3 with the same metal cation (Ag*^ ) in the same media 
at 298.15 K.
Therefore, from the data shown in Table 3.5.1 and 3.5.2, the selectivity factors, Sy were found 
to be, 7, 3 and 3 in MeCN, MeOH and DMF, respectively.
This quantitative assessment indicates that both ligands (L3 and L4) have similar affinity 
towards Ag"*" (as perchlorate) in the same solvent at 298.15 K.
To get a better insight into the process of complexation taking place in each media, the 
determination of the enthalpy and entropy of complexation (AcH° and AcS°) will make it 
possible to show which of these two factors have a greater effect on the complex stability (in 
terms of AcG°). Thus calorimetric titrations were used to measure the AcH° associated with 
the complexation process. Entropy data were calculated from eq. 2.14.
The highest stability for L3 with Ag"*" was found in MeOH. This stability decreased in the 
following order, MeOH > DMF > MeCN. Parallel behaviour was observed for L4 with Ag’*'. 
These changes in complex stability with the solvent can be quantitatively assessed by taking 
the stability constant ratio for Ag""" complexes with each of these ligands in MeOH relative to
MeCN and DMF (5 = .K
Thus, Ag'*' and L3 is more stable in MeOH (si) than in DMF (S2) and MeCN (82) by factors of 
1x10^ and 1 x 10\ respectively. For L4 and this cation the selectivity factors are 1 x 10  ^and 
5 X 10 ,^ respectively.
The difference in stability of complex formation for the same system in going from one 
solvent to another clearly reveals the role of the solvent in the complexation process. This 
behavior is analysed in terms of the solution properties of reactants and product, thus 
thermodynamic parameters of transfer of the reactants (AgC1 0 4  and L3 or L4) and the 
product (AgL3’*' or AgL4'*') in these media at 298.15 K were considered. This is discussed 
later on (see section 3.6).
131
(ResuCts atu£ (Discussion_________   Chapter ^ r e e
3.5,1.3. Determination o f the stability constants o f metal cations with L4 in acetonitrile at
Among the metal cations that complex with L4 (section 3,3), it was found by calorimetric 
measurements (discussed in the proceeding section 3.6) that Na"*" (as perchlorate) forms a 
relatively strong complex in acetonitrile at 298.15 K, (log Kg = 5.42). This value is close to 
the detection limit of the calorimetric technique (1 < log Kg <6). Therefore, to ensure the 
reliability of this value, the log Kg value obtained has been checked using competitive 
potentiometric titration as described in Chapter II, section 2.8.3. As far as Hg^^ (as 
perchlorate) is concerned, though its stability was not within the scope of the calorimetric 
technique, still potentiometric titrations using the silver electrode could not be applied due to 
the fact that the redox potential of Ag‘*'/Ag (+ 0.80 V vs. SHE at 298.15 K) is very close to 
that of Hg^^/Hg (+ 0.86 V v.s. SHE at 298.15 K). Therefore the latter would be reduced by the 
silver electrode. So the competitive macrocalorimetric titration method was used and this is 
discussed later.
On the other hand, the same technique was applied for the complexation process of L4 with 
Li"*" (as perchlorate) in acetonitrile as a second method for the determination of the log Kg 
value for this sytem.
Having established the stability of complex formation for L4 with Ag"*" in MeCN at 298.15 K, 
the reaction was carried on by titrating the metal cation under investigation (Na'*' or Li'*') to the 
AgL4'** complex, where a competitive reaction takes place as described in eq. 3.24,
A g D { M e C N )  + M " ‘^(A /eC V ) A g ~ ^{M eC N )  6^.3.24
The equilibrium constant, Kg, of the above reaction is.
,,.3 .25
Thus, this equilibrium constant is calculated by establishing the total concentrations for the 
three reactants in the reaction vessel, eqs. 3.26, 3,27 and 3.28.
+ e^.3.26
[Z] = [L] + [AgH ] + [MD^ ] eq.3.27
+ eq.3.2S,
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where, [AgL"*"], [Ag"*"], [L], [M”’*‘], [ML"'*'], denote the molar concentrations of the silver 
complex, free silver, free ligand (L4), free metal cation (Na^ or Li’*') and its complex with L, 
respectively.
The concentration of the free silver cation at the equilibrium is calculated from eq. 3.23 
(Nemst equation). This value is used to determine the [AgL^] from eq,3.26.
The concentration [L] at the equilibrium, is then given by eq.3.29a.
Substituting this value in eq. 3.27, gives [ML""*"]. Then, [M”'*'] is calculated from eq. 3.28. 
Having all the above values, K2 was determined using eq.3.25.
The stability constant (log Kgx) of the complex formed between the metal cation of interest 
(Na’*' or Li'*’) with L4 is calculated from eq.3.30 (substituting eqs. 3.25 and 3.29)
Table 3.5.3 shows the values for the stability constants (log Kg) and derived standard Gibbs 
energies of complexation of L4 with Na'*' and Li'*' in MeCN at 298.15 K, determined by the 
use of competitive potentiometry as described previously. These values are in good agreement 
with the one determined by direct macrocalorimetric titration and this will be discussed under 
section 3.6.2.
ML4^ NaL4~" LiL4^
/ogK. 5.40 ±0.01 4.8 ± 0.3
AcG° (kJmor^) -30.8 ±0.1 -27.4 ±0.1
Table 3.5.3. Stability constants and derived standai'd Gibbs energies of complexation of L4 
with Na’*' and L^ in MeCN at 298.15 K.
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3.5.2. Titration calorimetry.
Titration calorimetry is a technique developed by Izatt and co-workers for the determination 
of the stability constant, (hence Gibbs energy, AcG®) and enthalpy values, AcH®, for the 
complexation process, in which the metal cation is titrated into the ligand in the reaction 
vessel or vice versa}^^'^'^^
If interaction takes place between the metal cation and the ligand in a solvent of interest, then 
temperature changes are produced during the titration and heat is evolved or absorbed. The 
resulting data are obtained in the form of a thermogram (see Chapter II, section 2.7.1.1).
This technique is applicable if the magnitudes of Ks and AcH® for the overall process in the 
reaction vessel are within certain limits. Fig. 3.5.3 represent a series of thermograms showing 
the effect that the value of Ks has on the shape of the thermogram.
AH =  constant
N um ber o f  m o les o f  titrant
LogKs 
00
Fig. 3.5.3. The effect of Ks on the shape of the thermogram. 104
The stability constant in terms of log Ks should be between 1 and 6. Therefore, two cases arise 
and these are discussed now.
For a value of log Ks < 6, direct calorimetric titration can be applied. If log Kg > 6, the curves 
for such system differ slightly from one another, hence it is difficult to determine accurately 
Kg in this region. In the case where log Kg < 1, very little heat is produced upon interaction 
where a very small percentage of complex is formed in the reaction vessel. Accordingly, an 
extrapolation to 100 % reaction to determine the heat value could introduce errors. Therefore,
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the AH value depends on the amount of complex formed in the reaction vessel. For small 
value of AH, the heat change in the calorimeter is correspondingly small.
On the other hand, for relatively strong complexes the value of log Kg can be obtained from 
competitive calorimetric titration and this is now considered.
For a value of log Kg > 6 (relatively strong complexes), competitive calorimetric titration is 
used.^^ In this method, a solution of the complex (for which the stability constant, log
Kgi, and the standard enthalpy of complexation, AcHi®, are well established for the process 
given in eq. 3.31) was prepared in the solvent of interest with an excess of the solution 
containing (to ensure that equilibrium favours the formation of the complex MiL”*"^) 
placed in the vessel. This was titrated with a solution containing M2" ,^ whose log Ks2 and 
AcH2® are to be determined for the complexation process given in eq. 3.32, In order for the 
competitive reaction between and M2"  ^with L (ligand) (see eq. 3.33) to take place, the 
following conditions must be fulfilled, a) log Kg2 > log Kgi and b) AcH2®^ AcHi®.
L g^.3.31
l  + eg.3.32
ZMi'"’" e^.3.33
The Kgi, Ks2 and K t values given in terms of molar concentrations for the processes described 
in eqs. 3.31, 3.32 and 3.33 are given in eqs. 3.34, 3.35 and 3.36, respectively
e,.3.34
K ., = eq335
,,.3 .36
Therefore,
gg.3.37
and log Ks2 is determined from eq. 3.38.
logK ,2 = logKj. + logK^i eq33%
The enthalpy of complexation, AgHi®, is calculated firom eq. 3.39,
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+ A ^ /  g^.3.39
To obtain data with the highest accuracy and precision, the calibration of the calorimeter was 
carried out, by (i) measuring the burette delivery rate (BDR) (ii) performing standard 
chemical reactions as described in Chapter II, sections 2.7.1,3, i, ii (a) (for the Tronac 450) 
and 2.7.2.1 ii, 2.7,2.2 (for the TAM).
3.5.2.1. Determination o f the burette delivery rate (BDR).
To determine the amount of titrant delivered into the reaction vessel in a fixed interval of 
time, measurements were carried out as described in Chapter II section 2.7.1.3, i. Data 
obtained for the determination of BDR for the Troanc 450 at 298.15 K are given in Table
3.5.4. A plot of time, t (s) vs. the dehvered volume, V (dm^), of water is given in Fig. 3.5.4.
t(s)
0.0960 14.45 0.0962
0.1289 19.35 0.1292
0.0572 8.51 0.0574
0.1415 21.25 0.1419
0.0369 5.44 0.0370
0.0821 12.32 0.0823
0.2032 30.56 0.2038
0.0167 2.41 0.0168
0.1023 15.37 0.1026
0.1665 25.17 0.1670
0.1158 17.44 0.1161
0.1033 15.45 0.1037
Table 3.5.4. Data obtained for the determination of BDR for the ‘Tronac 450’ 
macrocalorimeter at 298.15 K.
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0.25 -1
y = 0.0066c+ 0.0008 
R^= 0.99980.20 -
0.10 -
0.05 -
0 .00  -I- 
0 5 10 15 20 25 30 35t (s )
Fig. 3.5.4. A plot of V (cm^) vs. t (sec) for the determination of BDR at 298.15 K 
From the slope of the plot given above, the BDR calculated was 6.6 x 10’^  cm^.s'\
3.5.2.2. Standard reaction for macrocalorimetric titrations (Tronac 450)
The determination of the enthalpy of protonation of tris(hydroxymethyl)-aminomethane, 
TEAM, in aqueous solution of HCl (0.1 mol dm" )^ at 298.15 K (eq. 3.40) was performed 
using the Tronac 450 as described in Chapter II section 2.7.1.3 (ii) a.
THAM^a,.) + HCkac.) >THAMH\a,.) + Cl~{aq.) eq.3.AQ
The total heat of the reaction, Qr, was corrected for the heat of hydrolysis of THAM in water, 
Qh, and for the heat of dilution of THAM, Qd. Thus the heat of protonation was calculated 
(eq. 3.45).
The hydrolysis of THAM in aqueous solution is represented by:
THAM + H^O—^ T H A M W  + 0H~ eq.2>.4l
In eq. 3.41 Kh is the hydrolysis constant at 298.15 K, and it is given by eq. 3.42,^^^
{THAM] eq.3.42
Thus, the concentration of OH' in the initial aqueous solution can be calculated from eq. 3.43,
[0H~] = {K, X [THAM ]f^ eq.3.43
Therefore, the heat associated with the hydrolysis of THAM in water was calculated using eq. 
3.44,
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Qh = { O B '-] x V x \H °  eq3A4
In this equation, V (dm^) is the volume added in each step, AhH° = -55.80 kJ mol'^ is the heat 
of formation of water at 298.15
Due to the low vapour pressure of water, Qd was negligible in this solvent at 298.15 K. 
Therefore, the heat of protonation, Qp, was calculated using eq. 3.45.
Q p ~ Q r ~ ~ Q h ~  Qd eq3A5
Thus, the enthalpy of protonation, ApH°, was determined using eq. 3.46,
eq3A6n
In eq. 3.46, n is the number of moles of THAM added in each step during the course of the 
titration.
Data for this experiment are given in Table 3.5.5.
6A/A9 n/ (mol) ApH^/(U,mol-^)
0.0367 -0.4338 -1.113 xlO^ -0.4338 0.0092 -47.03
0.0377 -0.4521 -1.142x10'^ -0.4529 0.0094 -47.97
0.0380 -0.4529 -1.154x10-3 -0.4529 0.0095 -47.55
0.0344 -0.4083 -1.044 xlO^ -0.4083 0.0086 -47.36
0.0365 -0.4338 -1.108 xlO-3 -0.4338 0.0091 -47.55
0.0359 -0.4274 -1.088 xlO^ -0.4274 0.0090 -47.37
0.0353 -0.4210 -1.072x10'^ -0.4210 0.0088 -47.72
0.0359 -0.4242 -1.090x10'^ -0.4210 0.0090 -47.01
0.0211 -0.2622 -6.403 x1Q-3 -0.2552 0.0053 -48.26
Table 3.5.5. Data for the calculation of ApH° of THAM with HCl in water at 298.15 K.
The value calculated as an average of the ApH° data given in the above table was found to bep
ApH“ = -47.54 ± 0.41 kJ.m ol'.
This value is in good agreement with that reported in the literature (ApH° = -47.49 ± 0.06 
kJ.mor').“ ‘'
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3.5.23. Standard reaction for microcalorimetric titrations (2277 Thermal Activity Monitor)
Before performing the standard reaction for the 2277 Thermal Activity Monitor, the Hamilton 
gas-tight syringe was calibrated as described in section 1 .1.2 .2.
The electrical motor for the Hamilton syringe was set up to inject a constant volume at a 
constant period of time (25 sec)  ^ in accord with the instruction given in the operation manual 
of the TAM
From the data (V, cm^) given in Table 3.5.6, the average rate of the burette was found to be 
41.210 cmV 25 sec.
V, cm^ V, cm^
41.090 41.470
41.320 41.440
41.200 41.340
41.300 40.510
Table 3.5.6. Volume delivered by the Hamilton syringe.
Having determined the Hamilton syringe delivery rate, we proceed with the chemical 
calibration of the microcalorimeter.
The standard reaction suggested by Wadso et al.^ ^^  was used in microcalorimetric titrations as 
described in Chapter II, section 2.7.2.1 (ii).
The stability constant (log Kg), hence standard Gibbs energy, (AcG®), standard enthalpy, 
(AcH°), and the standard entropy, (AcS®) for the complexation process of 18-crown-6 and 
barium chloride in water at 298.15 K (eq.3.47) are reported in Table 3.5.7.
A representative example for the first experiment values given in Table 3.5.7 is shown in Fig,
3.5.5, in which the heat of complexation dQ/dAmount \  kJ mol"^  is plotted against the ratio of 
concentration of 18-crown-6 to Ba^ ,^ ‘[L]/[M] \
In this plot, the calculated and the experimental data are in very good agreement.
18 -  crown -  6{aq) + B a (a q )  -> 18 -  crown -  6{aq) eq.'h.AH
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l o g K s ÀçG°/kJ.mor^ AoH°/kJ.mof
3.77 ± 0.05 -21.15 -31.2 ±0.3 -34
3.75 ± 0.03 -21.40 -31.3 ±0.3 -33
3.78 ± 0.03 -21.58 -31.3 ±0.4 -33
3.77 ±0.02 -21.38 ±0.22 -31.3 ± 0.1 -33
Table 3.5.7. Thermodynamic parameters of complexation ofBa^^ with 18-crown-6 in water at 
298.15 K,
The average of the values given in Table 3.5.7 were found in good agreement with those 
reported in the literature (log Kg = 3.77 ± 0.01 and AcH® = -31.42 ± 0.02).^^^
kJ/mol Calculated <Current>
30
204J
Q
10
[L] / [M] ,1 . 5
Fig. 3.5.5. Heat of complexation ^dQ/dAmount\ kJ mol"% of 18-crown-6 with Ba^^ vs. 18-
crown-6:Ba^^ concentration ratios, ‘[L]/[M] \ in water at 298.15K.
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3.5.2.4. Determination o f the stability constant and the enthalpy o f complexation by direct 
macrocalorimetric titrations.
In a macrocalorimetric titration using the Tronac 450, the metal cation solution was added in 
step-wise to the ligand solution into the reaction vessel where the process given in eq. 3.48 is 
taking place. All solutions were prepared in the same solvent of interest.
,AcH °(kJ mol-^) eq.3.4S
As discussed previously (section 3.5.1.2) the stability constant for this process is given by eq. 
3.49,
where [L], [M”'*'] and [LM””*”] denote the concentrations of the free ligand, the free metal 
cation and the complex formed in the reaction vessel, respectively.
The heat of reaction, Qp from the start of the titration to any point, p, on the thermogram 
obtained after extrapolation (using Dickinson’s m e th o d ^ in  this thesis) is related to the 
number of moles of the complex formed, (eq. 3.50,
Qp  = e^.3.50
In eq. 3.50, AcH is the change in enthalpy of the reaction (eq. 3.48) and Aw^ „^+ is the number
of moles of the complex, ML"^, foimed from the start of the titration to point p.
Since the value of Ks in unknown, hence, A» ,^,+ is unknown, therefore, if an estimate value of
Ks is used instead, a corresponding value of AM^ „+ can be derived and then the AcH can be
calculated at a given pointp  from eq. 3.50.
These calculations were carried out for each point (addition) of the thermogram using the
same approximate value of Ks -  Qc,i; Qc.2; Qc,3;  ; Qc,n- The value of AcH and Ks are
constant for a certain reaction. If this is not the case, then a new estimate value of Kg is chosen 
and AcH is calculated until a Kg value is found to give the same AcH at each point of the 
titration experiment. Therefore, the obtained values for Kg and AcH are the ones corresponding 
to the reaction process given in eq. 3.48. This method is called ‘iterative convergence’.^®"^ 
However, the best Kg and AcH values were calculated using the least squares estimation 
algorithm from a set of m measurements by minimising the sum of squared differences, U, 
between the experimental and calculated values of Q as given in eq. 3.51.
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=  - Q „ J ^  =X)(0..P- A ,H x A n „ ^ „ f  = X (e„ p - A ,H x [ M L " * ] x V f  eg.3.Sl
m m m.
The concentration for each value of Kg was calculated using the following set of
equations,
+ eq3.52
[L\p =[MX"-^] + [X] eq3.53
In eqs. 3.52 and 3.53, and [L]t are the total concentrations of the metal cation and
ligand in the reaction vessel. They are calculated after each addition of the metal cation 
solution into the reaction vessel containing the solution of the ligand.
Substituting eqs.3.52 and 3.53 in eq. 3.49 yields eq. 3.54,
 ---([M “ ■\^-[MIJ‘* \)x (iL ],-[M L '‘*-\)
Rearrangement of eq.3.54 leads to eq. 3.55,
= 0 eq3.55
Solving this quadratic equation (eq. 3.55) for the negative value for [ML”"^] is used to
fulfil the necessary conditions [ML"'*'] > 0 and [L]t > [ML"'*'] and this value is calculated from 
eq. 3.56,
eq3.56
Having determined [ML"'*'] (thus Auml”^ ), eq. 3.51 is used to evaluate AcH.^ "^ ^
These formulas have been written in a computer programme developed at the 
Thermochemistry Laboratory at University of S urrey^for complexation processes in which 
log Ks < 6. If log Ks > 6, then 100 % complexation is assumed to occur after each addition. 
The number of moles of the complex formed in the reaction vessel is considered equal to that 
added from the burette. This enables the calculation the AcH regardless of the value of the 
stability constant.
For the case of log Ks > 6, competitive calorimetric titration was performed as described in 
section 3.5.1 and the calculation of log Kst and AcHt for the reaction given in eq. 3.33 is in 
the proceeding section.
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3,5.2 .5. Determination o f the stability constant and the enthalpy o f  complexation by 
competitive macrocalorimetric titration.
In a competitive macrocalorimetric titration using the Tronac 450, the eq. 3.51 is also applied 
as discussed in the previous section (3.5.2.4). However, in the competitive titration, a new 
species (Mi™ )^ is introduced into the reaction vessel, thus the calculation of requires
further consideration. Therefore, the computer programme was modified to calculate Ks and 
AcH using the following set of equations,^^
{ M r 'I t
[L], +
eq.3.51
eq.3.S%
eq.3.59
In eqs, 3.57-3.59, [Mi™'*']t, [M2""*"]? and [L]t denote the total concentrations of the metal cation 
in the reaction vessel, the metal added from the burette and the ligand, respectively.
Therefore, Kst as given in eq. 3.36 is expressed as follows,
[M .r*  ] X i j M r  ]r- ([£]rl ]))
]) X ([M/" ]^ _ ]) eq.3.60
Rearrangement of eq. 3.60,
1- K [L]p +
{ M r ] r  - I L \
K. + [^ ]r[^ 2 ”"]r = 0  g^.3.61
Solving this quadratic equation the value of [MiL""*"] is calculated from eq. 3.62,
Kj. [X],+[Mnr + -4(1-1/2Ç)P#^'% eq3.62
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S.5.2.6. Determination of the stability constant and the enthalpy ^ f  complexation by direct 
microcalorimetric titration.
A computer program (Digitam 1.4 for Windows) for simultaneous calculation of the stability 
constant and the enthalpy of complexation developed by Karlsson et al}^^ was used in 
microcalorimetric measurements.
The program was made to accept data as input of {Vt, Qcon) for each point (addition), where 
Vt (dm^) is the volume of the last addition from the burette and Qcorr (J) is the measured heat 
corrected for that of dilution.
In each experiment, the total concentrations (mol dm'^) of the solution in die vessel (ligand) 
and that in the syringe (metal cations) in addition to the initial volume (dm )^ in the reaction 
vessel must be given.
The total heat, Qtoh for the reaction given in eq. 3.48 is given by eq. 3.63,
= -V Y ,A H j[L jM ] = -  eq.3.63
J j
In eq. 3.63,y is a complex number index, pj is the stability constant and it is given in eq.3.64, 
and [LM], [L] and [M] are the concentrations of the complex, the free ligand and the free 
metal cation in the reaction vessel.
y0y=777~7r eq.3.64[MLj][M][LY
Before calculating Qtoh the concentrations of the free ligand and the free metal cation must be 
known. The total concentrations of the ligand. C l  and that of the metal cation Cm  are given in 
eqs. 3.65 and 3.66, respectively.
C«=[M ] + X)Sy[M][X] eq.3.65
[M] is eliminated from eqs. 3.65 and 3.66 to yield an expression in terms of [L] (eq. 3.67),
[X] -  7— 5^ = 0 e?.3.67
/I ^
In this equation, X' and X are represented by eqs. 3.68 and 3.69, respectively,
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= 1 + eç.3.69
Eq. 3.67 can be solved for [L], after which [M] is calculated from eq. 3.70,
Similarly, as described in the previous section for the minimization of errors, the square sum 
method is used. It is defined in this programme as CHISQ (eq. 3.71)
CHISQ = 2 , gg.3.71
The variances assigned to all observations of Qi are assumed to be equal but unknown 
value, G^ Q, -  <j^e, for all L
However during the minimization l/cr^g is assumed to be equal to 1. After C H I S Q m i n  is 
found the value of is calculated from the relationship given in eq. 3.72,
cr'e = CHISQ^, / NDF eq3 .72
In eq. 3.72, NDF is the number of degree of freedom (number of points minus number of 
parameters adjusted).
Having described the two techniques (potentiometry and calorimetry) and calculations applied 
for the determination of the thermodynamic parameters of complexation of LI, L2, L3 and 
L4 with metal cations in non-aqueous solvents at 298.15 K, a discussion of the results 
obtained from these studies is given.
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3.5.3. Determination o f the thermodynamic parameters o f complexation for LI and L2 with 
bivalent metal cations in acetonitrile at 298.15 K
Based on the NMR investigation carried out and discussed previously (section 3.2.1.1 and 
3.2.1.2), it was concluded that a molecule of acetonitrile interacts with the hydrophobic cavity 
of both ligands L I and L 2 in solution. In addition, the absence of complexation observed for 
these ligands with the bivalent metal cations investigated in other media (methanol and N,N- 
dimethylformamide), are strong indications that acetonitrile plays a main role in the 
complexation of L I and L 2 with these cations by interacting through their hydrophobic cavity 
in solution. Consequently, the complexation of L I and L 2 with bivalent cations may involve 
the ^ligand-solvent adduct * mthev than the free ligand.^®
Direct and competitive macro or micro-calorimetric titrations were performed at least in 
triplicate (as described in Chapter II, section 2.7.1.4 and 2.7.2.S) to determine the 
thermodynamic parameters of complexation for L I and L2 with bivalent metal cations in 
MeCN at 298.15 K. Though the concentration range in which the metal salts investigated 
showed no indication of ion-pair formation and that free ions are the predominant species in 
solution in the solvent of concern (conductance measurements), all measurements were 
conducted at different concentrations of the cation investigated. Table 3.5.8 illustrates the 
calorimetric methods performed between L I and L2 and bivalent metal cations in the 
appropriate solvent.
Competitive calorimetric titrations were applied when log Ks were found to be outside the 
scope of the technique. The reliability of these data was checked by comparing the AcH° value 
obtained from competitive titration with that observed from the direct one.
Direct method L^ Mecu) MK""{Mecm
L Af Macrocalorimetry Microcalorimetry
Tl S/' a^adBa '^" Cd^*andHg^*
L2 -Bi* U i*
Competitive method LM ^* +M^'‘ — -vM"*
L M l* / Ml"*, Macrocalorimetry M i* / Mi"*, Microcalorimetry
Tl C?VB?\Pb®7B£p
L2 Vh^*/Bi?*,C!?*IB\?*
Table 3.5.8. Summary of the calorimetric techniques applied to certain complexation systems 
of L I and L 2 in acetonitrile at 298.15 K.
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Table 3.5.9 and 3.5.10 show illustrative examples for the derivation of the stability constant 
and the standard enthalpy of complexation for competitive calorimetric titrations from 
relevant direct calorimetric measurements for L I and L2, respectively.
Since the stability constant {log Kgi) and the standard enthalpy of complexation {AcH°i) for 
Ba^  ^ and L I were within the scope of the technique, the direct macrocalorimetric titration 
method at different concentrations of Ba^  ^ was applied (1). The average of the set of data 
obtained is given in Table 3.5.9.
Having established the thermodynamic parameters of complexation for Ba^^ and LI, the 
competitive titration method was performed. Thus a solution containing the BaLl^^ complex 
was placed in the reaction vessel and titrated with a solution containing the competing metal 
cation solution (2), (Ca^^ and Pb^ '*’). The calculated log K j and AcH°t values are given in 
Table 3.5.9 for both systems; BaLl^^ with Ca^  ^and Pb^^ in MeCN at 298.15 K.
Therefore, the log Ks2 and the AcH°2 values for L I with Ca^  ^and Pb^^ in MeCN at 298.15 K 
were calculated from the competitive method as shown in Table 3.5.9, (3), using eqs. 3.38 and 
3.39 discussed previously.
(1) ---- ‘■‘—>BaLl {MeCN)
logKsi AcHi°, UmoV^
Ba‘* 4.34 ±0.02 -30+1
(2) BaLl'^*+Ca^*-
(2) BaLŸ* +Pb^*-.
log Kt AcHf, kJmoV^
Ca^VBa^* 3.76 ± 0.03 -23.05 ± 0.55
Pb^*/Ba^* 3.01 ± 0.03 -30.8 ± 0.5
(3)=(l)+(2) Xl + Gz"+-
(3)=(l)+(2) Xl + f6 '+ -
iogx:,2 =iogKj, 4-iogX,i
Ca^* 4.34 + 3.76 = 8.1 -30 + (-23.05) = -53.05
Pb^* 4.34 + 3.01=7.35 -30 + (-30.8) = -60.8
macrocalorimetric titration), Ca '^*'and Pb^’*' with L I (competitive macrocalorimetric titration) 
in acetonitrile at 298.15 K.
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The standard enthalpies of complexation calculated as shown in Table 3.5.9 for CaLl^ "*" and 
PbLl^^ (AcH°2 = -53.05 and -60.8 kJ mof \  respectively), were in good agreement with the 
ones determined from the direct macrocalorimetric method {AcH° ~ -54 and -60 kJ mol"\ 
respectively).
On the other hand, the stability constant (log Kgi) and the standard enthalpy of complexation 
(AcH°î) for Ba^’*' and L2 were determined from the direct microcalorimetric method at 
different concentrations of Ba^’*'. The average of the set of data obtained is given in Table 
3.5.10.
The log Kst and the values given in Table 3.5.10 for both systems of BaL2^’*' with Pb^ **' 
and with Sr^  ^in MeCN at 298.15 K, were experimentally determined in a similar manner as 
that described for LI. Then, the log Ks2 and AcH°2 values for L2 with Pb^^ and Sr^ "*" in MeCN 
at 298.15 K (Table 3.5.10), were calculated as discussed previously.
Attempts to derive the thermodynamic parameters of complexation between L2 and Ca^’*’ in 
MeCN at 298.15 K failed. It was found that log Kgi values were greater than 6. Therefore a 
competitive titration was performed between BaL2^‘*‘ and Ca^ "*" in MeCN at 298.15 K. 
However, the latter titration gave a log Kt > 6 (outside the scope of the technique) suggesting 
that the choice of Ba^ '*' for competitive titration with Ca^’*' is not reliable and another metal-ion 
complex of L2 should be used (whose titration with Ca^  ^ should exhibit a log Kt < 6). 
Therefore, Sr^ "*" was selected and the SrL2^^ complex was titrated with Ca^ "*" in MeCN at
298.15 K, and the corresponding thermodynamic data derived from the competitive titration 
for Sf"*" with L2 were used as log Kgi and AcH°i.
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(1) L2(.^^cn) y  Ba (^ MeCN)------- >BaL2 {mcCn)
logKsi AcHi°, klmoC^
5.14 + 0.02 -37.0 + 0.8
(2) BaL2 '^  ^+Sr^^ SrL2 ^^  + Ba
(2) BaL2 '^ ^ ..>PbL2 ^^  +Ba^^
log Kt AcHt°, kJ moV^
2.70 + 0.02 -12.01 + 0.55
Pb^^/Ba^^ 4,10 + 0.03 -25.2 + 0.5
L 2 + Sr^^~— >SrL2 ^^
L2 + Pb^^~ >P b i2 ^^
logX^2 = logXy +logÆ,i A ,7 f2 "= A ,H /+ A ,X f;
5.14 + 2.70 = 7.84 -37 + (-12.01) = -49.01
Pb^^ 5.14 + 4.10 = 9.24 -37 + (-25.2) = -62.2
(2) >CaX2^+ +Sr^^
logK f AcHt°, kJ mol'^
4.28 + 0.03 -14.80 + 0.45
(3) X2 + Ca"+- K,„A,H‘2 yQaL2 ^^
logX:^2 = lo g ^ r + A ,x72°= A ,x r/+ A ,x r;
7.84 + 4.28 = 12.12 -49.01 +(-14.80) = -63.81
Table 3.5.10. Thermodynamic parameters of complexation of L2 with Ba^ '*' (direct titration) 
and those from the competitive titration with Sr^ *^ , and Ca^’*' in acetonitrile at 298.15 K.
Average of these experiments and those concerning Sr^ "*", Cd^ "*" and Hg^^ with LI and Mg^ "*", 
Cd^ '*' and Hg^^ with L2 in MeCN at 298.15 K, are given in Tables 3.5.11 (for L I) and 3.5.12 
(for L2), respectively.
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L l logKs A G 7kJm or‘ AcH°/kJmor^ AcS7JK*^mor^
8.15 ± 0 .0 5 '’ -46 ± 1 -5 4 + 1 " -25
5.35 ±  0 .07“ -31 ± 1 -38 .0  +  0.3" -24
4 .34  ± 0 .0 2 “ -25 ± 1 -30  +  1" -16
7 .4  ± 0 .1 '’ -42 ± 1 -60  +  1^ -59
4 .1 0  ± 0 .0 5 “ -23 ± 1 -22 .4  +  0.5" 3
Hg^ + 3 .70  ± 0 .0 3 °
1 _.i _j._____ Ù
-21 .0  +  0.8 -21.1 +  0.4" -0.3
m icrocalorim etry titrations.
Table 3.5.11. Stability constants (log Kg) and derived standard Gibbs energies, enthalpies and 
entropies of LI with bivalent cations in acetonitrile at 298.15 K.^ ®
L2 L ogK s AcGVkJmol'* A cH 7kJm or* A cS7JK '*,m or*
3.33 ±  0.05° - 1 9 + 1 +48.1 +  0.8" 225
Ca^+ 12.16 +  0.07*" -69 +  1 -65 +  2*" 14
Sr"+ 7 .90  +  0.06^ -45 +  1 -50+ 0.5® -16
Ba'+ 5.14 +  0.02" -29.3 +  0.4 -37 .0  +  0.8" -25
9.3 +  0.2*" -53.1 +  0.2 -63 +  1" -32
6.6" -38" -23" 50"
Hg"+ 5.9" -34" -32" 5"
microcalorimetry titrations, e, Ref. 59.
Table 3.5.12. Stability constants (log Kg) and derived standard Gibbs energies, enthalpies and 
entropies of L2 with bivalent cations in acetonitrile at 298.15 K.^ ®
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According to the data given in Tables 3.5.11 and 3.5.12, it is clear that both ligands L l and 
L2 complex selectively with bivalent cations in MeCN at 298.15 K.
Thus for L l, log Kg values follows the sequence,
Ca^'' > > Sr^ + > Ba'^ * > Cd^+ >
For L2, the sequence observed is slightly altered by Ba^* as shown below,
Ca^ + > Pb^ '' > Sr''^  > Cd^ '" > Hg^ * > Ba'^ "'
Therefore, a selectivity peak at Ca^* is obtained for L l and L2 with the bivalent cations 
investigated in MeCN at 298.15 K. On the other hand, both ligands have shown selectivity 
peaks with alkali-metal cations, with the highest selectivity for Na"*" in MeCN at 298.15 
Thus, taking the ratio between the stability constant of one cation relative to another, the 
selectivity factor (eq. 3.73), of L l and L2 for bivalent cations is assessed quantitatively. 
Table 3.5.13 shows the values of ‘S ' for L l and L2 for metal cations in MeCN at 298.15 K.
S = eq.3.13
In eq. 3.73, Kg(ca^ )^ and Kg(M^ ’‘‘) denote the stability constants for Ca^’*' and other bivalent 
cations in MeCN at 298.15 K, respectively.
L l L2
Pb^+ 6 7.2 X  10^
Sr^ + 6.3 X  10^ 1 . 8  X  1 0 "
Ba'+ 6.5 X  10^ 1  X  l O ' '
Cd^+ 1 . 2  X  1 0 '* 3.6 X 10’
Hg^+ 2.9 X  10" 1 . 8  X  1 0 ®
Mg^+ N/A 6.7 X  10®
Table 3.5.13. Selectivity factor 'S' of L l and L2 for the Ca^  ^cation relative to other cations 
investigated in acetonitrile at 298.15 K.
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The complexation process is mainly a competition between the ligand and the solvent 
molecules for the cation, other factors such as the cavity-size effect and ligand structure 
(binding sites) and conformational flexibility are considered.
However, the two processes which mainly contribute to the complexation process between a 
ligand and a metal cation in solution are, (i) cation desolvation (endothermie process 
accompanied by a gain in entropy) and (ii) ligand binding energy (exothermic process 
accompanied by a loss in entropy).^® Indeed it is the balance between these two factors that 
plays a major role in the complexation process.
An attempt to correlate the stability (Gibbs energy of complexation, AcG®) with the ionic radii 
(size) of metal cations will not be useful in the case of L l and L2. This is due to the fact that 
these two ligands complex both ‘hard’ and ‘soft’ metal cations. For the former category, 
cation hydration (or solvation) energies correlate with their size and charge, but this is not the 
case for the latter (soft), in which polarization will make an appreciable contribution to the 
electrostatic energies of these cations. Such correlation would not be appropriate for Cd^’*’ and 
Hg"+.***
Therefore, Danil de Namor suggested a more suitable parameter to consider in order to assess 
the predominant role of cation desolvation or ligand binding energy on the complexation 
Gibbs energies of L l and L2 in MeCN at 298.15 K. Therefore, the following thermodynamic 
parameters were considered,
i) AsoivG® is made by the contribution of the hydration Gibbs energy, AhG® (eq.3.74) and the 
transfer Gibbs energy, AtG“ (eq.3.75) (data based on the Pl^AsPluB convention)^^’^"* as 
described in eq. 3.76,
A,G° ggr.3.74
{MeCN), A^G° eq3.15
A,^G° = A,G" + A,G" gg'.3.76
The AtG° values for bivalent cations from water to acetonitrile (Ba^^ = 57.3 kJ.mol'*, Cd^ "*" = 
43.2 kJ moF*)^* are relatively small in comparison to AhG° values (Ba^^=-1318 kJ.mol'*, Cd^  ^
=- 1801 kJ moF*)^*' Therefore the relative sequence for cations is maintained in water and 
acetonitrile, but makes AgoivG® in the latter solvent slightly more positive than AhG°.
ii) Based on the discussion given above, AcG° is correlated with AhG° values of the bivalent 
cations investigated.^*
Thus, the AcG® values for L l and L2 with bivalent cations in acetonitrile (Tables 3.5.12 and 
3.5.13) are plotted against AhG® for these cations as shown in Fig. 3.5.6.
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Fig. 3.5.6. Plot of Gibbs energies of complexation, AcG®, for L l and L2 vs. Gibbs energies of 
hydration, AhG”, of bivalent metal cations in acetonitrile at 298.15 K.
As far as the two processes, binding and desolvation are concerned; Fig. 3.5.6 shows that in 
going from Ba^ '*' to Ca^’*', the ligand binding energy overcome the energy required for cation 
desolvation. A maximum stability peak is obtained for Ca^ ,^ afterwhich the binding energy is 
not enough to overcome that of the desolvation process. Thus, the stability of the complexes 
decreases to the extent that very weak complexes such as Mg^^ (highest solvated cation) with 
L l can be observed.
A further point of interest arising from this plot (Fig. 3.5.6) is that the Gibbs energies of 
complexation for L2 with bivalent cations is more favourablec than that for L l, hence more 
stable complexes were formed with L2 relative to L l with the same cations in MeCN at
298.15 K.
Thus, the ligand effect on the complexation process in MeCN can be assessed quantitatively 
in terms of their selectivity for a given cation relative to another by considering the stability 
constant ratio (Ks(m '^^ i^  / Ks(m^^ li). Thus, L2 is more selective than L l by factors of I x io t  
4x10^, 6, 8x10, 3x10^ for, Ca^\ Ba^% Pb^ "", Cd^+ and Hg^+ respectively.
On the basis of enthalpy and entropy contribution to the Gibbs energy of complexation, the 
process can either be enthalpically (|A^iT°| > |jA^5'“|) or entropically (|ZA^5'°| > |A^iT°|) 
controlled.
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According to the standard enthalpy and entropy data in Tables 3.5.11 and 3.5.12, the stability 
of the complexes formed between L l, L2 and bivalent cations in MeCN are enthalpically 
stabilized (exothermic AcH°), therefore the binding enthalpy (exothermic) overcome the 
cation desolvation enthalpy (endothermie). The only exception was L2 with Mg^^. For this 
system, the enthalpy of complexation was positive suggesting that the binding enthalpy does 
not overcome the desolvation one, due to the fact the Mg^ '*' is the most solvated cation within 
the series investigated. Therefore, complexation of L2 with Mg^”*" in MeCN at 298.15 K is 
enthalpically destabilized.
Moreover, the most positive AcS° was found for Mg^ "^  complex with L2 relative to the other 
metal cations. This observation can be attributed to a greater desolvation of Mg^^ which leads 
to an increase in the disorder, due to the release of solvent molecules from the cation, the 
ligand or the complex successively.
Correlation for the standard enthalpy of complexation of L l and L2 in acetonitrile with the 
enthalpy of hydration for bivalent metal cations (Fig. 3.5.7) showed a similar pattern to that 
found for the correlation of AcG° vs. AhG® (Fig. 3.5.6), with the exception of PbLl^^ complex 
with higher exothermicity than CaLl^ "*" complex in this solvent..
-69-
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Fig. 3.5.7. Plot of the enthalpy of complexation in acetonitrile, AcH°, for L l and L2 and vs. 
the enthalpy of hydration, AhH°, of bivalent cations in acetonitrile at 298.15 K.
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3.5.4. Determination o f the thermodynamic parameters o f complexation for L4 with various 
metal cations in acetonitrile, methanol and N,N-dimethylformamide at 298.15 K
Complexation studies for L l with metal cations have shown that this ligand interacts with 
toxic metal cations (Hg^^, Cd^^ and Pb^^) in MeCN at 298.15 K. However, as far as the aims 
of this work axe concerned, the application of L l for the removal of toxic metal cations is 
limited due to its interaction with a wide variety of metal cations (alkali, alkaline-earth and 
transition metal cations). Indeed selectivity peaks for Na"^  relative to other alkali metal 
cations,^^ and for Ca^  ^over various bivalent cations were found for this ligand.
Therefore, the aim was to modify the hydrophilic cavity of L l to enhance its selectivity 
towards toxic metal cations and to discriminate other cations of biological relevance. The 
synthetic procedures to achieve this target were described in Chapter II, sections 2.3.3 and
2.3.4. Consequently, L3 was prepared as a precursor for the preparation of L4 (Fig. 3.5.8), 
where the latter is a '’modified version ’ of L l or a 'closely related ligand\
On these bases, L4 complexation studies with various metal cations in the solvents of interest 
at 298.15 K were undertaken and these are now discussed.
x k J L
o = 9ÇH2 ÇH2
ÇH2 c=o
1 0ÇH2 ÇH2
CHa CHa
c=o
Fig. 3,5.8. Sequence followed for the modification of L l to yield L4
The modification of L l to yield L4 was approached by (i) reducing the number of oxygen 
donor atoms (ester pendant arms), as a hard Lewis bases which interact preferentially with 
cations of the hard Lewis acid type such as alkali and alkaline-earth metal cations and (ii) 
introducing pendant arms with sulphur donor atoms as a soft Lewis bases to favour interaction 
with soft metal cations such as Hg^ *^  and to destabilise complex formation with hard metal 
cations.
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A s  o b se r v e d  fro m  th e  N M R  titra tion  ( s e c t io n  3 .3 )  an d  c o n d u c tim e tr ic  s tu d ie s  ( s e c t io n  3 .4 ) ,  
th e  m o d if ic a t io n  o f  L l  to  L 4 ,  h a s  re d u ce d  th e  c a p a b ility  o f  th e  la tter  to  in te ra c t w ith  a  w id e  
ran ge o f  m e ta l c a t io n s  ( s e e  T a b le  3 .3 .1 ) .  T h u s , th e  s e le c t iv ity  o f  th is  lig a n d  to w a r d s  to x ic  
m eta l c a t io n s  h a s  b e e n  e n h a n c e d  d ra st ic a lly  r e la t iv e  to  th a t o f  L l .  T h is  sh o u ld  b e  b e s t  
re f le c te d  in  th e  th e r m o d y n a m ic s  o f  th e  c o m p le x a t io n  o f  L 4  w ith  N a \  L i^, Ca '^*’, Pb^^, Hg^^, 
A g^ an d  Cu^^ in  M e C N  at 2 9 8 .1 5  K , and  th is  is  n o w  d isc u sse d .
D ire c t  m a cr o ca lo r im etr ic  titra tio n  fo r  L 4  w ith  Hg^^ in  M e C N  r e v e a le d  th e  fo rm a tio n  o f  a  
c o m p le x  w ith  sta b ility  c o n s ta n t  o u ts id e  th e  s c o p e  o f  th is  m e th o d , ( lo g  K s >  6 ). T h erefo re , 
c o m p e tit iv e  m a c r o ca lo r im etr ic  titra tion s w e r e  p e r fo r m e d  fo r  NaL4'*' w ith  Hg^^ in  M e C N  at
2 9 8 .1 5  K  (a n  illu stra tiv e  e x a m p le  is  g iv e n  in  T a b le  3 .5 .1 4 ) .  T h e  th e r m o d y n a m ic  p a ra m eters o f  
c o m p le x a t io n  fo r  L 4  w ith  Hg^^ are s h o w n  in  T a b le  3 .5 .1 5 .
S ta b ility  co n sta n t v a lu e s  ( lo g  Kg) fo r  AgL4"^, NaL4"^ an d  L iL 4^  w e r e  d e te r m in e d  b y  d ire ct an d  
c o m p e t it iv e  p o te n tio m e tr ic  titra tio n s a s  g iv e n  in  T a b le s  3 .5 .2  an d  3 .5 .3 ,  r e s p e c t iv e ly . T h e s e  
v a lu e s  are in c lu d e d  in  T a b le  3 .5 .1 5 .
(1) [ M e C N )---- ^^~>AaX4 {MeCN)
logKsi AcHf, k J m o r^
Na^ 5 .4 2  ±  0 .0 2 -5 6 .0  + 0 .5
(2) NaL4*+Hg^*-
log K t AcHt^ kJm oV ^
Hg‘*/Na* 3 .2 1  ±  0 .0 2 -2 6 .5  +  0 .8
(3)=(l)+(2)
log^ ,2  = l o g K j .  + l o g K , i
5 .4 2  +  3 . 2 1 = 8 . 6 3 - 5 6 +  ( -2 6 .5 )  =  -8 2 .5
T a b le  3 .5 .1 4 .  T h e r m o d y n a m ic  p aram eters o f  c o m p le x a t io n  fo r  L 4  w ith  Na"** an d  d ata  o b ta in ed  
from  th e  c o m p e t it iv e  titra tio n  w ith  Hg^^ in  a c e to n itr ile  at 2 9 8 .1 5  K .
T ab le  3 .5 .1 5  rep orts lo g  Kg an d  d e r iv e d  standard  G ib b s  e n e r g ie s , AcG®, e n th a lp ie s , AcH® an d  
en tro p ies , AcS® o f  c o m p le x a t io n  fo r  L 4  w ith  N a \  Li"**, Ca^" ,^ Pb^^, Hg^'*', Ag"*" an d  Cu^^ in  
M e C N  at 2 9 8 .1 5  K .
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L 4 logK g A cG V k Jm ol" ^ A c H ° /k J m o r ^ A cS 7 J K '^ m o r ^
N a ’*’
5 .4 2  ±  0 .02=  \ 
5 .4 0  ± 0 .0 f  J 5 .4 1  +  0 .01" -3 1 .0  ± 0 . 1 - 5 6 .0  ± 0 .5 = -8 4
Li^
4 .8 7  ±  0 .05= ')  
4 .8 + 0 .3 "  J 4 .8 4  ± 0 .0 5 " -2 8 .0  ± 0 . 3 -3 3 .9  ±  0.9= - 2 0
Ca^ "^ 4 .0 4  ± 0 .0 4 = - 2 3 .6 6  ±  0 .2 -1 9 .8  ±  0.2= 13
Pb^’*’ 5 .4 4  + 0 .0 4 = -3 1 .1  ± 0 . 2 -4 7  ±  2= -5 2
Hg^+ 8 .6 9  ±  0 .05^ -5 0  ± 1
-8 3  ±  2^ 
- 8 4  ± 1 =
- 1 1 2
A g+
4 .2 1  +  0 .07=  
3 .9 5  ± 0 .0 5 "
-2 4 .0  ±  0 .4 -2 7 .8  ±  0.4= -1 3
Cu^’*’ 4 .3 0  ±  0 .02^ -2 5 .5  ±  0 .3 -7 1 .3  ± 0 .8 ^ -1 5 4
Values determined using ‘direct macrocalorimetric titration’, using ‘competitive macrocalorimetric titration’, 
using ‘potentiometirc titration’, and using ‘microcalorimetiic titration’ methods, ®, average value.
T a b le  3 .5 .1 5 .  T h er m o d y n a m ic  p aram eters o f  c o m p le x a t io n  fo r  L 3  w ith  Na"^, L i’*', Ca^’*’, Pb^’*', 
Hg^’*', A g ’*’ a n d  Cn^’*’ (a s  p e rc h lo ra tes )  in  a c e to n itr ile  a t 2 9 8 .1 5  K .
D a ta  g iv e n  in  T a b le  3 .5 .1 5 ,  s h o w s  that a m o n g  a lk a li-m e ta l c a t io n s , L 4  s t ill  e x h ib its  th e  
h ig h e s t  s ta b ility  fo r  N a ’*’ fo l lo w e d  b y  L i’*’ in  M e C N  at 2 9 8 .1 5  K  as c o m p a re d  w ith  L l  ( lo g  Kg =  
7 .6 8  fo r  N a ’*' an d  6 .2 0  fo r  Li'*’).^^ H o w e v e r , in  g o in g  fro m  L l  to  L 4  th e  stren gth  o f  c o m p le x  
fo rm a tio n  w a s  d e s ta b iliz e d  fo r  th e s e  c a t io n s  b y  a  fa c to r  o f  2 .2 6  an d  1 .3 3  lo g  Kg u n its  fo r  Na"*" 
and Li^ r e sp e c t iv e ly .
T h is  c a n  b e  d u e  to  a  d e c r e a se  in  e n th a lp ic  s ta b ility  ( le s s  b y  ~ 1 3  an d  16  k J  m ol'^ for  th e  N a L 4 ’*’ 
and L 1 L 4 + re la tiv e  to  N a L l^  (A cH ° =  - 6 9 .2 0  kJ mol'^)^^ and  L i L l ’*’ (A cH ° =  - 4 8 .7 8  kJ m ol'^)^^  
r e sp e c tiv e ly . A s  far as N a ’*’ i s  c o n c e r n e d , th e  A^ S® v a lu e s  are a p p r o x im a te ly  th e  sa m e  (AcS® s  - 
8 4  JIC ^ m oT^) fo r  N a L 4 ’*’ an d  NaLl"*". T h er efo re , th e  h ig h e r  s ta b ility  o f  th is  m eta l c a t io n  w ith  
L 4  r e la t iv e  to  L l  i s  d u e  to  th e  en th a lp ic  co n tr ib u tio n  to  A qG®. F o r  Li^ c o m p le x e s  w ith  L 4  an d  
L l ,  a  g a in  in  en tro p y  i s  o b se r v e d  fo r  th e  fo rm er lig a n d  r e la t iv e  to  th e  latter. T h is  in c r e a se  in  
en trop y  ( le s s  n e g a t iv e )  w a s  n o t  e n o u g h  to  o v e r c o m e  th e  m o r e  fa v o u r a b le  en th a lp y  o f  L i L l ’*' 
re la tiv e  to  L iL 4 ’*’.
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F or a lk a lin e-ea r th  m eta l c a t io n s , it  is  fo u n d  that L 4  in tera c ts  o n ly  w ith  Ca^^ in  th is  so lv e n t ,  
w h ile  L l  h a s  r e c o g n ise d  th e m  s e le c t iv e ly .  H o w e v e r  th e  lo w e r  s ta b ility  o f  th is  c a t io n  w ith  L 4  
re la tiv e  to  L l  is  a ttr ibu ted  to  th e  c o n s id e r a b le  lo s s  in  en th a lp ic  s ta b ility  ( ~  3 5  k J.m ol'^ ) fo r  th e  
form er r e la t iv e  to  th e  la tter  lig a n d , w h ic h  o v e r c o m e s  th e  g a in  in  en tro p y  fo u n d  fo r  th is  ca tio n  
an d  th is  lig a n d  in  th is  s o lv e n t  (C aL 4^^, A cS“ =  + 1 3  J K'^ mol"^).
T h is  d ecr ea se  in  s ta b ility  fo r  Li"*", N a^  an d  Ca^^ c o m p le x e s  w ith  L 4  r e la t iv e  to  L l ,  is  c o u p le d  
w ith  th e  o b se r v a tio n s  m a d e  fro m  N M R  stu d ie s  o n  L 4 , w h ic h  s u g g e s te d  that th e se  m e ta l 
ca tio n s  s e e m  to  in teract o n ly  w ith  th e  p en d a n t arm s c o n ta in in g  e s te r  fu n c t io n a l g ro u p s w h ile  
th o se  su lp h u r c o n ta in in g  arm s d o  n o t  ap p ear to  ta k e  p art in  th e  b in d in g  p r o c e s s . T h is  is  a lso  
fo u n d  in  th e  X -r a y  stru cture o f  th e  N a L 4 ‘^ .M eC N  (p erch lo ra te ) c o m p le x .  T h e s e  f in d in g s  
su g g e s t  that th e  b e h a v io u r  o f  th e  so d iu m  c o m p le x  in  s o lu t io n  m ig h t  r e s e m b le  that fo u n d  in  th e  
s o lid  sta te  an d  th is  is  d is c u s s e d  in  s e c t io n  3 .7 .
A s  e x p e c te d , th e  p r e s e n c e  o f  su lp h u r m o ie t ie s  in  th e  h y d r o p h ilic  c a v ity , e n a b le d  L 4  to  
c o m p le x  w ith  Ag"  ^ in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K , an d  th is  w a s  d is c u s s e d  in  s e c t io n
3 .5 .1 .2 . In  th e  c a s e  o f  M e C N , th e  s ta b ility  o f  th e  Ag"^ c o m p le x  w ith  L 4  i s  e n th a lp ic a lly  
favou red .
F or Ca^^, Pb^"  ^ an d  Hg^"  ^c o m p le x e s  w ith  L 4  in  M e C N  at 2 9 8 .1 5  K , c o r r e la t io n  b e tw e e n  G ib b s  
e n er g ie s  o f  c o m p le x a t io n , A cG °, fo r  L 4  and  th e se  m e ta l c a t io n s  in  M e C N  a g a in st  G ib b s  
e n er g ie s  o f  h y d ra tio n , AhG°, o f  th e s e  m e ta l c a t io n s , i s  s h o w n  in  F ig . 3 .5 .9 .  F o r  c o m p a r iso n  
p u r p o se s  d ata  fro m  s e c t io n  3 .5 .3  fo r  L l  is  in c lu d e d  in  th is  p lo t .
-1300-1900 -1400-1800 -1700 -1600 -1500
-10 -
-20 -Cd
.2+ -30 -
-40 -
♦ L4 
■ L l -50 -2+
-60 -J
F ig . 3 .5 .9 .  P lo t  o f  G ib b s e n e r g ie s  o f  c o m p le x a t io n , AcG®, fo r  L l  a n d  L 4  vs, G ib b s  e n e r g ie s  o f  
h yd ration , AhG°, o f  b iv a le n t  m e ta l c a t io n s  in  a c e to n itr ile  at 2 9 8 .1 5  K .
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F ig . 3 .5 .9  s h o w s  a  re v e r se  s e le c t iv ity  p e a k  fo r  L 4  w ith  a  m in im u m  sta b ility  fo r  Ca^"^  r e la tiv e  
to  that for  L l ,  w h e r e  m a x im u m  s e le c t iv ity  w a s  o b ser v ed  fo r  th is  m e ta l ca t io n . F u rth erm ore, in  
g o in g  fro m  Pb^^ to  Ca^^ c o m p le x e s  w ith  L 4 ,  th e  d e so lv a t io n  o v e r c o m e s  th e  b in d in g  p r o c e ss ,  
to  rea ch  a  m in im u m  at Ca^^ (m o r e  p o s it iv e  G ib b s e n e r g y  o f  c o m p le x a t io n )  an d  th e n  it 
in cr ea se s  a g a in  to  h a v e  th e  m a x im u m  sta b ility  fo r  Hg^^ c o m p le x  w ith  L 4 .
T h e  d e c r e a se  in  s ta b ility  fo r  Pb^^ in  g o in g  fro m  P b L l^ ^  to  PbL 4^^ in  a c e to n itr ile  i s  m a in ly  
attributed  to  th e  lo s s  in  en th a lp ic  s ta b ility  o f  th e  latter (A cH ° =  -4 7  k J  m ol'^ ) r e la t iv e  to  th e  
form er (A cH ° =  -6 0  kJ m oT^). F u rth erm ore, th is  m ig h t b e  d u e  to  th e  lo w e r  a f f in ity  o f  th e  
su lp h u r d o n o r  a to m s in  L 4  fo r  th is  c a t io n  in  th is  s o lv e n t  r e la t iv e  to  th e  o x y g e n  d o n o r  a to m s in  
L l .
T h e in c r e a se  in  s ta b ility  for  Hg^^ an d  L l  b y  5 lo g  Kg u n its  r e la t iv e  to  L 4  in  MeCN is  m a in ly  
d u e to  th e  fa v o u r a b le  e n th a lp y  o b ta in e d  fo r  L 4  r e la t iv e  to  L l  (a n  e x o th e r m ic  in c r e a se  b y  6 2  
u n its  o f  en th a lp y  in  m o v in g  fro m  L l  to  L 4 ) ,  w h ic h  o v e r c o m e  th e  grea ter  lo s s  in  en tro p y  
fo u n d  w ith  th e  fo rm er  (A cS ° =  -1 1 2  J m o f^ )  re la t iv e  to  th e  la tter  (A cS ° =  -0 .3  J K ’  ^ m ol'^). 
T h e se  o b se r v a tio n s  are co rro b o ra ted  b y  th e  N M R  stu d ie s  fo r  th e s e  m e ta l ca t io n s  w ith  L 4  
in  CD3CN, w h e r e  Hg^"  ^ an d  Pb^^ s h o w e d  in tera c tio n  w ith  b o th , o x y g e n  an d  su lp h u r m o ie t ie s ,  
p ro d u c in g  a  d e sh ie ld in g  e f f e c t  to  th e ir  ad jacen t p ro to n s. A  m o r e  p ro m in e n t d e s h ie ld in g  e f fe c t  
is  o b se r v e d  fo r  th e  p r o to n s  o f  th e  su lp h u r p en d a n t arm s in  th e  c a s e  o fH g ^ ^  r e la t iv e  to  th o s e  o f  
th e e s ter  o n e s , w h e r e a s  th e  o p p o s ite  b eh a v io u r  w a s  fo u n d  fo r  Pb^^ an d  L 4  in  CD3CN (s e e  
T a b le  3 .3 .4 ,  s e c t io n  3 .3 .2 ) .
T h e se  f in d in g s  c a n  b e  d u e  to  th e  r e p la c e m e n t o f  th e  tw o  p en d a n t arm s c o n ta in in g  e s ter  
fu n c tio n a l g ro u p s  in  L l  w ith  th e  o n e s  h a v in g  su lp h u r m o ie t ie s ,  L 4 .  T h is  m o d if ic a t io n , w h ic h  
e s se n tia lly  d e c r e a se d  th e  n u m b e r  o f  h ard  d o n o r  a to m s, m a k e s  th is  l ig a n d  m o r e  s e le c t iv e  for  
Hg^"  ^r e la t iv e  to  Pb^^ an d  Ca^" .^
In  a d d itio n , Cu^^ u n d e r g o e s  c o m p le x a t io n  w ith  L 4  in  M e C N , a  p r o c e s s  th a t is  e n th a lp ic a lly  
favou red . C o m p le x  fo r m a tio n  b e tw e e n  L l  an d  th is  ca tio n  w a s  a b se n t  in  M e C N .
S in c e  L 4  p er fo r m s a  s e le c t iv e  b e h a v io u r  w ith  its  g u e sts  in  M e C N , a  q u a n tita tiv e  a sse s sm e n t  
can  b e  e s ta b lish e d  b y  c a lc u la t in g  th e  s e le c t iv ity  fa c to r  g iv e n  in  eq . 3 .7 7 ,
S = eq.ZJl
■ s^(A/"+)
w h ere  Ks(Hg^^) an d  K s(m”'*') are th e  s ta b ility  co n sta n ts  fo r  Hg^^ an d  o th e r  m e ta l c a tio n s , 
r e sp e c tiv e ly .
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T h e s e le c t iv ity  fa c to r , S, in d ic a te s  th at L 4  is  m o r e  s e le c t iv e  fo r  r e la t iv e  to  N a \  L i \  
Ag"*" an d  Ca^^ b y  fa c to r  o f  1 .8  x  lO^, 1 . 9  x  10^, 6 .9  x 10^, 1 .8  x l o \  4 .1  x  10"* an d  4 .5  x  
1 0 \  r e sp e c tiv e ly .
S t il l  a  rem a rk a b le  fea tu r e  o f  th e s e  c o m p a r a tiv e  s tu d ie s  b e tw e e n  L l  an d  L 4  c o m p le x e s  in  
M e C N  at 2 9 8 .1 5  K , is  that th e  la tter  lig a n d  d o e s  n o t  r e c o g n is e  Cd^^ ( s o f t  c a t io n )  w h i le  th e  
form er d id  ( lo g  K s  =  4 .1 0 ) .  T h e  X -r a y  stru cture o f  th e  c o m p le x  C d L l^ ^ .M e C N  r e v e a le d  that 
Cd^^ h a s  a  c o o r d in a tio n  n u m b e r  o f  9  fo r m e d  b y  fo u r  ca r b o n y l an d  fo u r  e th e r e a l o x y g e n  a to m s  
and o n e  n itr o g e n  a to m  o f  th e  a c e to n itr ile  m o le c u le  s it t in g  in  th e  h y d r o p h o b ic  c a v ity  w ith  its  
n itr o g en  p o in t in g  in w a rd  th e  h y d r o p h ilic  o n e . N o  e v id e n c e  c o u ld  b e  fo u n d  fo r  th is  p articu lar  
in tera ctio n  in  so lu t io n .
N e v e r th e le s s , b a se d  o n  N M R  s tu d ie s  carried  o u t  to  in v e s t ig a te  th e  e f f e c t  o f  th e  so lv e n t  
(C D 3 C N ) o n  th e  lig a n d  co n fo r m a tio n , a  s u g g e s t io n  reg a rd in g  th is  b e h a v io u r  c a n  b e  m a d e .  
T a b le  3 .2 .5  l is ts  th e  d iffe r e n c e  in  c h e m ic a l sh ifts  b e tw e e n  th e  a x ia l an d  eq u a to r ia l p ro to n s  o f  
L l  (Aôax-eq ~  1 .5 5  p p m ) an d  L 4  (Aôax-eq =  1 .2 7  p p m ) in  M e C N  at 2 9 8  K . T h e s e  v a lu e s  in d ic a te  
that th e  ‘c o n e ’ c o n fo r m a tio n  in  th e  fo rm er  ten d s  to  b e  m o r e  d iso rd er ed  r e la t iv e  to  th e  latter, 
su g g e s t in g  that th e  a ro m a tic  r in g s  in  L l  are e x p e c te d  to  stan d  up  in  a  m o r e  p a r a lle l fa sh io n  to  
ea c h  o th er  r e la t iv e  to  L 4 . T h er efo re , a  m o r e  o p e n  h y d r o p h o b ic  c a v ity  i s  p r o d u c e d  in  th e  la tter  
w ith  r e sp e c t to  th e  form er . T h is  w id e n in g  in  th e  u p p er  r im  o f  L 4  c a n  b e  attr ib u ted  to  th e  
r e p la ce m e n t o f  th e  p e n d a n t arm s c o n ta in in g  es te r  fu n c tio n a l g ro u p s ( e x h ib it in g  h ig h e r  d ip o le  
m o m e n t) w ith  th o s e  h a v in g  su lp h u r m o ie t ie s .  C o n se q u e n tly , th e  e le c tr o s ta t ic  r e p u ls io n  
b e tw e e n  th e  p en d a n t arm s is  re d u c e d  in  L 4  w ith  r e sp e c t  to  L l .  A s  a  r e su lt  L l  e x h ib ite d  a  
larger h y d r o p h ilic  c a v ity  th an  th a t o f  L 4 .  T h er efo re , L l  em b ra ced  Cd^ "*" b y  a l lo w in g  it  to  en ter  
d eep er  w ith in  it s  c a v ity .
S in c e  th e  m o d if ic a t io n  o f  L l  to  L 4  h a s  a ltered  th e  s e le c t iv e  b e h a v io u r  a n d  r e c o g n it io n  a b ility  
o f  th e  la tter w ith  r e sp e c t  to  th e  form er , th e  lig a n d  e f f e c t  o n  th e  c o m p le x a t io n  p r o c e ss  c a n  b e  
a lso  a s s e s s e d  in  q u a n tita tiv e  ter m s b y  c a lc u la t in g  th e  s e le c t iv ity  fa c to r , «S', fo r  th e  sa m e  m e ta l  
ca tio n  w ith  o n e  lig a n d  r e la t iv e  to  a n o th er  lig a n d  in  th e  sa m e  so lv e n t . T h e r e fo r e , c o n s id e r in g  
the s ta b ility  co n sta n t  ra tio  S  =  (Ks(m^^i4 ) /  Ks(m^"*"li), L 4  w a s  fo u n d  to  b e  m o r e  s e le c t iv e  th an  
L l  b y  a  fa c to r  o f  I x  10^ fo r  Hg^^ in  M e C N , w h i le  S  =  (K s(m ^ \i)  /  Ks(m^^i4 )» s h o w s  that L l  is  
m ore s e le c t iv e  th an  L 4  b y  fa c to r s  o f  8 9  an d  1  x  1 0  ^ fo r  Pb^^ an d  Ca^^ in  M e C N , r e sp e c t iv e ly .
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In  m o v in g  to  M e O H  an d  D M F  a s m e d ia , ^H N M R  (s e c t io n  3 .3 )  an d  c o n d u c tim etr ic  stu d ie s  
(s e c tio n s  3 .4 .5  an d  3 .4 .6 )  sh o w e d  that th e  r e c o g n it io n  a b ility  o f  L 4  is  m a x im iz e d  ( in  s e le c t iv e  
term s) to  an  e x te n t  that th is  l ig a n d  o n ly  in tera c ts  w ith  A g^  an d  Hg^^ w ith in  th e  m e ta l ca tio n s  
in v estig a ted .
T h e  d isc r im in a tio n  o f  L 4  to  a ll h ard  (Li^, N a \  Ca^^) and m o d e ra te  (Pb^^) m e ta l c a t io n s , w h i le  
s t ill  r e c o g n iz in g  th e  so ft  o n e s  (Ag"^ an d  Hg^^) in  M e O H  an d  D M F  w ith  r e sp e c t  to  M e C N , ca n  
b e  attributed  to  tw o  fa cto rs ( i)  th e  s o lv a t io n  o f  reactan ts ( lig a n d  an d  m e ta l c a tio n ) an d  th e  
p ro d u ct (c o m p le x )  in  th e  so lv e n ts  in v e s t ig a te d  (th is  is  d is c u sse d  in  s e c t io n  3 .6 )  a n d / or  ( ii)  th e  
in tera c tio n  b e tw e e n  th e  s o lv e n t  m o le c u le  u n d er in v e s t ig a t io n  w ith  th e  h y d r o p h o b ic  c a v ity  o f  
L 4 , le a d in g  to  th e  fo rm a tio n  o f  th e  ad d u ct, (L 4 .M e C N ) . T h is  is  s u g g e s te d  b y  ^H N M R  stu d ie s  
( s e c t io n  3 .2 .1 .3 )  and  o b se r v e d  in  th e  s o l id  sta te  in  M e C N , (X -r a y  stru ctu re d is c u s s e d  in  
se c t io n  3 .7 ) .  T h is  e f fe c t  m a y  p r e -o r g a n iz e  th e  h y d r o p h ilic  c a v ity  to  b e tte r  r e c o g n is e  its  g u e sts .  
T h e ad d u ct fo rm a tio n  fo r  L 4  w ith  D M F  or w ith  M e O H  w a s  n o t  su p p o rted  b y  ^H N M R  
s tu d ies . T h e  X -r a y  stru cture o f  L 4  r e c r y s ta llise d  fro m  D M F  s h o w s  th e  lig a n d  in  it s  fre e  sta te  
( s e c t io n  3 .7 .4 ) .
T a b les  3 .5 .1 6  an d  3 .5 .1 7  rep ort lo g  Ks an d  d e r iv e d  standard  G ib b s e n e r g ie s , AcG®, e n th a lp ie s ,  
AcH® an d  en tro p ies , AcS®, o f  c o m p le x a t io n  for  L 4  w ith  Hg^^, A g^  in  M e O H  an d  D M F  at
2 9 8 .1 5  K , r e sp e c t iv e ly .
In  an  a ttem p t to  d e r iv e  th e  th e r m o d y n a m ic  p aram eters o f  c o m p le x a t io n  fo r  L 4  w ith  Ag"*" in  
M e O H  at 2 9 8 .1 5  K , it  w a s  fo u n d  th a t th e  lo g  K si v a lu e  w a s  h ig h e r  th a n  6 . T h e r e fo r e  th e  
p o te n tio m etr ic  titra tion  m e th o d  w a s  a p p lied  as d is c u sse d  p r e v io u s ly  in  s e c t io n  3 .5 .1 .2  (T a b le  
3 .5 .2 ) .  T h e  a v e r a g e  v a lu e  o f  th ree  m e a su r e m e n ts  is  g iv e n  in  T a b le  3 .5 .1 6 .  H o w e v e r , th e  
standard e n th a lp y  o f  c o m p le x a t io n  w a s  d e r iv e d  fro m  a  se t  o f  d ire c t  m a c r o ca lo r im te r ic  
m ea su re m e n ts  an d  th e  a v er a g e  o f  th e se  d ata  is  a lso  g iv e n  in  th is  T a b le . T h e  sa m e  a p p lie s  for  
data g iv e n  in  T a b le  3 .5 .1 7 .
L 4 logKs AcG°/kJmol*^ AcH°/kJm ol'^ A cS V J K -^ m o T ^
A g" 7 .7 1  ±  0 .05'' - 4 4 .0  ± 0 . 2 - 7 1 .4  ± 0 .8 = -9 2
Hg"+ 3 .6 6  ± 0 .0 3 = -2 0 .9  ±  0 .2 -7 2  ±  1= -1 7 0
", values determined using ‘direct macrocalorimetric titration’, using ‘potentiometirc titration’ methods.
T a b le  3 .5 .1 6 .  T h er m o d y n a m ic  p a ra m eters o f  c o m p le x a t io n  o f  L 4  w ith  Hg^"  ^ an d  Ag"^ (a s  
p erch lo ra tes) in  M e O H  at 2 9 8 .1 5  K .
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L 4 logKs AcG°,kJm ol'^ AcH°,kJm ol'^ A c S ° ,J K ‘^m or^
A g" 4 .6 5  ±  0 .03= -2 6 .5  ±  0 .2 -4 8  ±  1= -7 1
Hg"" 5 .0 7  ±  0.03= -2 9 .0  ±  0 .2 -3 8  ± 1 = -3 1
", values determined using ‘direct macrocalorimetric titration’.
T a b le  3 .5 .1 7 .  T h e r m o d y n a m ic  p a ra m eters  o f  c o m p le x a t io n  o f  L 4  w it h  Hg^" an d  A g^  (a s  
p erch lo ra tes) in  D M F  at 2 9 8 .1 5  K .
T h e  h ig h e r  s ta b ility  o b ta in e d  fo r  L 4  an d  A g"  r e la t iv e  to  Hg^"  ^ in  M e O H , is  m a in ly  d u e  to  th e  
lo w e r  lo s s  in  en tro p y  (m o r e  fa v o u r a b le )  o b se iw e d  w ith  th e  fo rm er m e ta l c a t io n  r e la t iv e  to  th e  
latter an d  th is  lig a n d . A s  far a s  e n th a lp ie s  o f  c o m p le x a t io n  are c o n c e r n e d , b o th  c a t io n s  h a v e  
v e r y  c lo s e  A cH ° v a lu e s  in d ic a t in g  s im ila r  co n tr ib u tio n  o f  th is  p a ra m eter  to  A cG ° (h e n c e  
c o m p le x  sta b ility ).
T h e  lo g  K s v a lu e s  for  b o th  m e ta l ca t io n s  an d  L 4  in  D M F  are c lo s e ,  s u g g e s t in g  that L 4  is  
u n a b le  to  r e c o g n is e  s e le c t iv e ly  th e s e  c a t io n s  in  th is  so lv e n t . H o w e v e r ,  b o th  c o m p le x a t io n  
p r o c e s se s  are e n th a lp ic a lly  c o n tr o lle d  an d  are a c c o m p a n ie d  b y  a  lo s s  in  en tro p y  (n e g a tiv e  
AcS'').
H a v in g  e s ta b lish e d  th e  th e r m o d y n a m ic  p aram eters o f  L 4  w ith  Ag"^ a n d  Hg^" in  M e C N ,  
M e O H  an d  D M F  at 2 9 8 .1 5  K , a  n o t ic e a b le  o b se r v a tio n  is  th e  r e v e r se  tren d  in  c o m p le x  
sta b ility  o b se r v e d  fo r  th e se  tw o  c a t io n s  an d  L 4  in  th e s e  s o lv e n ts .
T h u s fo r  Hg^^ an d  L 4 ,  th e  m e d iu m  e f fe c t  o n  th e  stren gth  o f  c o m p le x a t io n  f o l lo w s  th e  
se q u en ce ,
M e C N  >  D M F  >  M e O H  
F o r s ilv e r , th e  tren d  o b se r v e d  i s
M e O H  >  D M F  >  M e C N  
T h e se  c h a n g e s  in  s ta b ility  w ith  th e  s o lv e n t  (m e d iu m  e f fe c t) ,  c a n  b e  q u a n tita t iv e ly  a s s e s s e d  b y  
ta k in g  th e  s ta b ility  c o n s ta n t  ra tio  fo r  e a c h  c a t io n  in  o n e  s o lv e n t  r e la t iv e  to  a n o th er
T h u s, Hg^^ an d  L 4  is  m o r e  s ta b le  in  M e C N  ( s i )  th an  in  D M F  (sz) an d  M e O H  (S2 )  b y  fa c to rs  o f  
4 .2 x 10^ an d  1.1 x  1 0 ,^ r e sp e c t iv e ly . T h e  sa m e  a n a ly s is  carried  o u t  fo r  A g "  s h o w s  th a t th e  
sta b ility  o f  th is  c a t io n  an d  L 4  is  grea ter  in  M e O H  (s%) than  in  D M F  (S2 )  an d  M e C N  (S2 )  
(s e c t io n  3 .5 .1 .2 ) .  T h is  co n tra stin g  b e h a v io u r  is  in v e s t ig a te d  an d  in te rp re te d  in  ter m s o f  th e  
so lu t io n  p ro p ertie s  o f  th e  rea cta n ts  (m e ta l c a t io n  an d  lig a n d ) an d  th e  p ro d u c t (m e ta l io n  
c o m p le x )  in  th e se  m e d ia  an d  th is  is  g iv e n  in  s e c t io n  3 .6 .
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3.5.5. Determination o f the thermodynamic parameters o f complexation fo r  L3 with various 
metal cations in acetonitrile, methanol and N,N-dimethylformamide at 298.15 K
It is  ap propriate to  co m p a re  th e  o b se r v a tio n s  m a d e  fo r  th e  
c o m p le x a t io n  o f  m e ta l c a tio n s  w ith  L 3  in  M e C N , M e O H  an d  D M F  at
2 9 8 .1 5  K , w ith  co r re sp o n d in g  d a ta  fo r  L 4 . M a r k e d ly , th e  a b se n c e  o f  
th e  p en d a n t arm s co n ta in in g  e s te r  fu n c tio n a l g r o u p s  in  L 4  co m p a red  
to  th e  p a r tia lly  su b stitu ted  L 3  e lim in a te d  th e  a b il ity  o f  th e  la tter  to  
c o m p le x  h ard  m e ta l ca tio n s . A lte r n a tiv e ly , it s  s e le c t iv i ty  is  lim ite d  to  
th e  r e c o g n it io n  o f  Ag*^ an d  Hg^^ in  M e C N , M e O H  an d  D M F  at
2 9 8 .1 5  K .
S im ila r  to  L 4 ,  th e  s ta b ility  co n sta n t (a n d  th e  d er iv ed  G ib b s  e n e r g y  o f  c o m p le x a t io n )  o f  Ag"*" 
w ith  L 3  in  M e O H  w a s  d e ter m in ed  p o te n tio m e tr ic a lly . H o w e v e r , d a ta  o b ta in e d  fo r  L 3  w ith  
Ag"  ^an d  Hg^^ in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K  are a lso  in c lu d e d  in  T a b le  3 .5 .1 8 .
L 3 lo g K s A c G ° /k J m o r ^ A c H 7 k J m o l ’^ A c S 7 J K - ' m o r '
MeCN
A g+
3 .2 0  ±  0 .03=
3 . i ± o . r -1 8 .3  ± 0 .6 ^ - 2 0 .6  ±  0.3" - 8
Hg^+ 6 .5 0  ±  0.03^ -3 0 .2  ±  0 .2 -7 4  ±  1^ -1 2 8
MeOH
A g " 7 .2 6  ±  0 .02" - 4 1 .4  ± 0 . 1 - 4 5 .7  ±  0.4" -1 4
Hg^+ 4 .1 2  +  O .O f -2 3 .5  ±  0 .2 -1 9 .7  ±  0.4" 13
DMF
A g"
4 .2 4  ± 0 .0 2 ^  
4 .2 0  ±  0 .03"
-2 4 .2  ±  0.2" - 3 8 .4  ±  0 .08" -4 8
Hg"^ 4 .8 3  ±  0 .03^ - 2 7 .8 5  ± 0 .3 1 " -2 2 .3 4  ± 0 .1 " 18
Values determined using ‘direct macrocalorimetric titration’; using ‘microcalorimetric titration’; using 
‘potentiometirc titration’ methods.
T a b le  3 .5 .1 8 .  T h e r m o d y n a m ic  p a ra m eters o f  c o m p le x a t io n  o f  L 3  w ith  Ag"^ an d  Hg^^ (a s  
p erch lo ra tes) in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K .
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A c c o r d in g  to  th e  d a ta  g iv e n  in  T a b le  3 .5 .1 8 ,  th e  h ig h e s t  s ta b ility  ( lo g  Kg) fo r  Hg^^ r e la tiv e  to  
Ag"  ^ w ith  L 3  w a s  fo u n d  in  M e C N . H o w e v e r ,  in  D M F  th e  d iffe r e n c e  in  s ta b ility  fo r  th o se  tw o  
m eta l c a t io n s  i s  n o t  s ig n if ic a n t  an d  th is  is  b e s t  r e f le c te d  b y  th e  s e le c t iv i t y  fa c to r  fo r  Hg^^
K . 2
r e la tiv e  to  A g ’*' (S  =  — , in  th e s e  t w o  s o lv e n ts , w h ic h  in d ic a te s  th a t L 3  is  m o r e  s e le c t iv e
^sAg^
for Hg^"  ^ r e la t iv e  to  A g^  b y  fa c to rs  o f  2 x 1 0 ^  an d  4  in  M e C N  an d  D M F  r e s p e c t iv e ly . O n  th e  
oth er h an d , in  M e O H  L 3  s h o w s  a  h ig h e r  s e le c t iv i ty  to w a r d s  Ag"^ r e la t iv e  to  Hg^^ b y  a  fa c to r
o f l x l O ^  =
T h e  d rastic  d e c r e a se  in  th e  s e le c t iv ity  ( lo g  Kg) o f  L 3  to w a r d s Hg^^ in  g o in g  fro m  M e C N  to  
M e O H , an d  th e  r e v e r se  w a y  to w a r d s  A g ’*', fa ir ly  c o in c id e  w ith  th e  r e su lts  o b ta in e d  fo r  th e se  
sy s te m s  in  D M F . T h e s e  f in d in g s  s u g g e s t  that L 3  d o e s  n o t  d is t in g u ish  s ig n if ic a n t ly  b e tw e e n  
th e se  m eta l c a t io n s  (Hg^^ an d  A g ^ ) in  th e  la tter  so lv e n t .
A s  far as th e  c o m p le x a t io n  o f  Ag"^ w ith  L 3  is  co n c e r n e d , th e  h ig h e r  s ta b ility  in  M e O H  re la t iv e  
to  D M F  an d  M e C N  s u c c e s s iv e ly ,  i s  e n th a lp ic a lly  c o n tr o lle d  a c c o m p a n ie d  b y  a  lo s s  in  en tro p y  
( s e e  T a b le  3 .5 .1 8 ) .  T h e  m a x im u m  en tro p y  lo s s  (u n fa v o u ra b le )  is  o b s e r v e d  in  D M F .
O n  th e  o th e r  h a n d , th e  h ig h e r  s ta b ility  o f  Hg^^ an d  L 3  in  M e C N  r e la t iv e  to  M e O H  an d  D M F  
(T a b le  3 .5 .1 8 )  i s  d u e  to  th e  m o r e  fa v o u r a b le  e n th a lp y  o f  th e  c o m p le x a t io n  p r o c e s s  w h ic h  i s  
a c c o m p a n ie d  w ith  a  lo s s  in  en tro p y . In  a d d itio n , in  M e O H  an d  D M F , th e  c o m p le x a t io n  
p r o c e ss  is  e n tr o p ic a lly  s ta b iliz e d  (p o s i t iv e  AcS°), s in c e  th e  e n th a lp y  a s s o c ia te d  w ith  th e se  
p r o c e s se s  in  th e se  s o lv e n ts  is  a b o u t th e  sa m e  (AcH® =  -1 9 .7  an d  - 2 2 .3 4  kJ. m o l’  ^ in  M e O H  and  
D M F , r e s p e c t iv e ly ) .
T h e lig a n d  e f f e c t  o n  th e  s ta b ility  o f  Ag"^ an d  Hg^'*' c o m p le x e s  w ith  L 3  an d  L 4 ,  is  
q u a n tita tiv e ly  a s se d  b y  d e te r m in in g  th e  s e le c t iv ity  fa cto r , iS, fo r  a  m e ta l c a t io n  in  o n e  so lv e n t
re la tiv e  to  th e  sa m e  c a t io n  an d  a n o th er  lig a n d , S  =  . D a ta  o f  S  fo r  th e
c o r re sp o n d in g  m e ta l c a t io n  c o m p le x e s  are rep o r ted  in  T a b le  3 .5 .1 9 .
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Selectivity factor, S(Ag^) Selectivity factor, S(Hg^ )^
M eC N , S  =  -  1 0  
M eO H , S  =  -  3
K A m
D M F. S  =
K . m
M eC N , S '=  -  156
K A L - i)
M eO H ,
K A L 4 )
D M F, S =
K A m
T a b le  3 .5 .1 9 .  S e le c t iv ity  fa c to rs  fo r  A g  an d  H g  c o m p le x e s  w ith  o n e  lig a n d  r e la t iv e  to  
an oth er in  a ce to n itr ile , m e th a n o l an d  A ,iV -d im e th y lfo n n a m id e  at 2 9 8 .1 5  K .
D a ta  g iv e n  in  T a b le  3 .5 .1 9  c le a r ly  d em o n stra te  th e  e f fe c t  o f  th e  lig a n d  o n  th e  s e le c t iv ity  fa c to r  
for  a  g iv e n  m eta l c a t io n  in  th e  sa m e  m e d ia . S im ila r  S  v a lu e s  fo r  b o th  lig a n d s  are o b ta in ed  fo r  
Ag"^ an d  Hg^^ in  M e O H  and  D M F , in d ic a t in g  that th e  a ff in ity  o f  th e s e  lig a n d s  to w a r d s  th e se  
c a tio n s  is  s im ila r  in  th e se  m e d ia . H o w e v e r , fro m  ^H N M R  m e a su r e m e n ts  (a s  p r e v io u s ly  
d isc u sse d )  it w a s  s h o w n  that fo r  L 4 ,  Ag"^ and Hg^^ in teract o n ly  w ith  th e  p e n d a n t arm s  
co n ta in in g  su lp h u r m o ie t ie s  in  C D 3 O D  an d  C 3 D 7N O . T h er e fo re  th e  c o m p le x  s ta b ility  
a c h ie v e d  is  m a in ly  b y  th e  c o o r d in a tio n  o f  th e se  ca t io n s  an d  th is  lig a n d  th r o u g h  th e s e  arm s. 
T h e se  r e su lts  are s im ila r  to  c o r r e sp o n d in g  d a ta  fo r  L 3 . T h is  is  in  a g r e e m e n t w it h  th e  f in d in g s  
sh o w n  in  T a b le  3 .5 .1 9 .  M o r e o v e r , in  M e C N  th e  S  v a lu e  fo r  A g ’*’ i s  n o t  s ig n if ic a n t .
O n  th e  o th er h an d , L 4  s h o w e d  h ig h e r  s e le c t iv ity  o v e r  L 3  to w a r d s Hg^^ (S  ~  1 5 6 ) . ^H N M R  
m ea su re m e n ts  in  C D 3 C N  fo r  L 4  s u g g e s t  that th is  m e ta l c a t io n  in tera c ts  w ith  b o th  su lp h u r  
m o ie t ie s  an d  th e  ca rb o n y l o x y g e n  a to m s o f  es te r  fu n c t io n a l g ro u p s in  th e  p e n d e n t  arm s. 
T h erefo re , th e  s ta b ility  o f  th is  c o m p le x  m a in ly  re su lts  fro m  b o th  b in d in g  s ite s . T h o u g h , th is  is  
n o t  th e  o n ly  fa c to r  that co n tr ib u tes  to  th e  s ta b ility  o f  a  c o m p le x , g iv e n  th a t th e  s o lv a t io n  o f  
reactan ts and  th e  p ro d u ct, a s w e l l  a s th e  co n fo r m a tio n  an d  th e  s iz e  o f  th e  c a v ity  o f  th e  lig a n d  
a lso  p la y  a  s ig n if ic a n t  ro le .
T h erefo re , th e  s ta b ility  an d  s e le c t iv ity  o f  a  lig a n d  to w a rd s m e ta l c a t io n s  are m a in ly  g o v e r n e d  
b y  th e  m e d ia  and re g u la te d  b y  th e  n a tu re an d  n u m b er  o f  b in d in g  s it e s  in  th e  h y d r o p h ilic  c a v ity  
o f  th e  m a c r o c y c le . T h e s e  fa c to rs  h a v e  b e e n  fu lly  ex p lo r e d  an d  e lu c id a te d  fro m  ^H N M R  an d  
th e rm o d y n a m ic  s tu d ie s .
T h e  d iffer en t d e g r e e s  o f  s o lv a t io n  o f  th e  reactan ts an d  th e  p ro d u ct in  v a r io u s  s o lv e n ts  are  
r e f le c te d  in  th e  th e r m o d y n a m ic s  o f  c o m p le x a t io n  o f  a  g iv e n  sy s te m  in  o n e  s o lv e n t  r e la t iv e  to  
an other. In  th e  f o l lo w in g  s e c t io n , tra n sfer  th e rm o d y n a m ic  p a ra m eters (A tP° =  A tG °, A tH °, 
AtS°) o f  th e  fre e  an d  th e  c o m p le x  c a t io n s  a n d  th e  lig a n d  fro m  M e C N  to  th e  o th e r  s o lv e n ts  are  
d isc u sse d .
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3.6. Solution and transfer thermodynamics
T h e tran sfer  th e r m o d y n a m ic  p aram eters (A tP° =  A tG °, A tH °, A tS °) o f  th e  fr e e  an d  th e  
c o m p le x e d  c a t io n  an d  th e  lig a n d  fr o m  a  r e fe r e n c e  s o lv e n t  to  an oth er , p r o v id e  a  
v a lu a b le  t o o l  to  u n d ersta n d  th e  m e d iu m  e f fe c t  o n  th e  th e r m o d y n a m ic s  o f  
c o m p le x a t io n  p r o c e s s  in  th e s e  s o lv e n ts .
In  o rd er  to  d e ter m in e  th e  tran sfer  th e r m o d y n a m ic  p aram eters, th e  s o lu t io n  p ro p ertie s  
o f  th e  reactan ts  an d  th e  p ro d u c t w e r e  fir st  in v e s t ig a te d . F o r  th e  la tter, p rep a ra tio n  o f  
th e c o m p le x e s  are req u fred .
C o m p le x e s  o f  Ag"*" an d  Hg^^ w ith  L 3  a n d  L 4 ,  e x h ib it in g  h ig h  s ta b ility  w e r e  p rep ared  
an d  is o la te d  as d e sc r ib e d  in  C h ap ter II, s e c t io n  2 .9 . E le m e n ta l a n a ly s is  fo r  th e  iso la te d  
c o m p le x e s  w a s  carried  o u t  at th e  U n iv e r s ity  o f  S u rrey  an d  th e se  are g iv e n  in  T a b le
3 .6 .1 ,
T h e  p e r c e n ta g e s  fo u n d  fo r  ca rb o n  a n d  h y d r o g e n  are in  g o o d  a g r e e m e n t w ith  th e  
c a lc u la te d  v a lu e s .
C a lc u la te d  F o u n d
r ----------------------------------------------r ----------------^
% C % H % C % H
A g L 3 ‘*’ fro m  M e O H 6 0 .4 9 7 .0 3 6 0 .3 3 7 .1 8
H gL 3^+  fro m  M e O H 5 0 .9 8 5 .9 3 5 0 .7 9 6 .0 7
H gL 3^+  fro m  M e O H 5 0 .9 8 5 .9 3 5 0 .6 5 6 .0 7
AgL4'*' fro m  M e O H 5 9 .7 7 7 .1 1 5 9 .4 6 7 .1 8  .
H g L 4 ^ + fr o m  M e C N 5 1 .5 5 6 .1 3 5 1 .4 0 6 .2 9
T a b le  3 .6 .1 .  E le m e n ta l a n a ly s is  fo r  th e  c o m p le x e s  o f  A g^  an d  w it h  L 3  an d  L 4  
iso la te d  fr o m  M e C N  an d  fro m  M e O H .
T h e  iso la te d  c o m p le x e s  w e r e  d r ied  fo r  se v e r a l d a y s  u n d er  r e d u c e d  p ressu r e  o v e r  
p h o sp h o r u s  p e n to x id e . T h e  Ag'*’ an d  th e  Hg^^ c o m p le x e s  w ith  L 3  an d  L 4  iso la te d  
fro m  M e O H  w e r e  u s e d  to  d e ter m in e  th e ir  en th a lp y  o f  so lu t io n  in  M e O H , D M F  an d  in  
M e C N , (th e  is o la t io n  o f  th e  c o m p le x  in  s o m e  s o lv e n ts  w a s  n o t  s u c c e s s fu l) .  T o  o b ta in  
d ata  w ith  th e  h ig h e s t  a c c u r a c y  an d  p r e c is io n , th e  T ro n a c  4 5 0  m a c r o c a lo r im e te r  w a s
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ca lib ra ted  b y  p er fo r m in g  stan d ard  c h e m ic a l r e a c t io n s  as d e sc r ib e d  in  C h ap ter II, 
se c t io n s  2 .7 .1 .3 ,  i i  (b ) an d  th is  is  n o w  d isc u sse d .
3 .6 .1 . S ta n d a rd  rea c tio n  f o r  m a c ro c a lo r im e tr ic  titra tio n s  (T ro n a c  4 5 0 )
T h e d e ter m in a tio n  o f  th e  stan d ard  e n th a lp y  o f  s o lu t io n  o f  tr is (h y d r o x y m e th y l) -  
a m in o m eth a n e , T H A M , in  a q u e o u s  so lu t io n  o f  H C l (0 .1  m o l  dm '^) at 2 9 8 .1 5  K  w a s  
carried  o u t as s u g g e s te d  b y  H il l  e t  al}^^
T a b le  3 .6 .2  s h o w s  th e  A sH ° v a lu e s  (kJ m ol'^) o f  th e  r e a c t io n  o f  T H A M  in  HCl(aq) at
298.15 K.
n (m ol) AJHOcJmor')
0 .0 1 8 0
0 .0 2 2 4
0 .0 4 3 0
0 .0 5 4 7
1 .4 8  X 10  
1 .8 5  X 1 0 “ 
3 .5 5  X 1 0  
4 .5 1  X 10
'4
-4
4 .4 2
5 .4 8
10 .5
1 3 .4
- 2 9 .8 0
-2 9 .7 1
- 2 9 .7 0
- 2 9 .7 4
T a b le  3 .6 .2 .  D a ta  fo r  th e  c a lc u la t io n  o f  AgH® o f  T H A M  in  H C l in  a q u e o u s  s o lu t io n  at
2 9 8 .1 5  K .
T h e  v a lu e  o b ta in e d  as a n  a v e r a g e  fo r  th e  d ata  g iv e n  in  T a b le  3 .6 .1 ,  (AgH® =  - 2 9 .7 3  ±  
0 .0 5  k J  m ol'^ ), is  in  a  r e a so n a b le  a g re em en t w ith  th a t rep o r ted  in  th e  litera tu re , (AgH ° 
= - 2 9 .7 3  kJmol'^).^®^
H a v in g  c h e c k e d  th e  r e lia b ili ty  o f  th e  in stru m en t th e  e n th a lp ie s  o f  so lu t io n , AgH° o f  L 4  
and L 3  a n d  th e ir  Ag**" a n d  Hg^ **" c o m p le x  sa lts  (a s  p erc h lo ra tes ) , w e r e  d e te r m in e d  in  
M e C N , M e O H  an d  D M F , as d e sc r ib e d  in  C h ap ter  II, s e c t io n  2 .7 .1 .5 .
3 .6 .2 . D e te rm in a tio n  o f  s ta n d a r d  en th a lp ie s  o f  so lu tio n
The enthalpy of solution, AgH® is made by the contribution o f the standard enthalpy of 
solvation AgoivH® (exothermic process), and the standard lattice enthalpy, AlH° 
(endothermie process), as shown in the thermochemical cycle given in section 3 .1 .1 .
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T h e  en th a lp y  o f  so lu t io n  is  d e te r m in e d  w ith  th e  a im  o f  u n d er sta n d in g  th e  b e h a v io u r  o f  th e  
fre e  lig a n d , th e  fr e e  an d  th e  c o m p le x  m e ta l- io n  in  d ifferen t s o lv e n ts . O n c e  th e se  v a lu e s  
are e s ta b lish e d , th e  e n th a lp y  o f  co o r d in a tio n , AcoordH®, g iv e n  in  eq . 3 .7 8 ,  re fers  to  th e  
p r o c e ss  w h e r e  th e  rea cta n ts  an d  th e  p ro d u ct are in  th e  s o l id  s ta te , c a n  b e  ca lcu la ted . 
T h erefo re , fo r  a  g iv e n  sy s te m , th is  v a lu e  sh o u ld  b e  th e  sa m e  in d e p e n d e n tly  fro m  th e  
m e d iu m  fro m  w h ic h  th is  i s  d e r iv ed . T h e  c a lc u la t io n  o f  AcooidH® p r o v id e s  a  u s e f i i l  m e a n s  
o f  c h e c k in g  th e  a c c u r a c y  o f  s o lu t io n  an d  c o m p le x a t io n  data. In  a d d itio n , it  p r o v id e s  
in fo r m a tio n  re g a rd in g  h o s t -g u e s t  in te ra c tio n s  w h e r e  a ll c o m p o u n d s  a re  in  th e ir  p u re  
p h y s ic a l state.^^’*^  T h e  th e r m o d y n a m ic  c y c le  fo r  th e  c o o r d in a tio n  p r o c e s s  is  g iv e n  in  
S c h e m e  3 .6 .1 .
AcoordP®, k J  m o l ' MLX,  ^{sol)°>MX,^ { s o l)  +  L { s o l )  ------------------------- >
A sP M d m of AsP°,kJmor
+  +  L {s ) -----
A sP M Jm or
M L ' ' \ s )  +  n X ~ {s )
S c h e m e  3 .6 .1 .  T h er m o d y n a m ic  c y c le  fo r  th e  d eterm in a tio n  o f  th e r m o d y n a m ic  d ata  
fo r  th e  co o r d in a tio n  p r o c e s s .
In  S c h e m e  3 .6 .1 ,  P  is  a  g e n e r a l n o ta t io n  to  in d ic a te  G  (G ib b s  e n e r g y ) , H  (e n th a lp y ) o r  S  
(en tr o p y ). M X n ,  L  a n d  M L X „  d e n o te  th e  fre e  sa lt, th e  lig a n d  a n d  th e  c o m p le x  sa lt  
r e s p e c t iv e ly , in  th e  s o l id  sta te , w h e r e a s  M L "'* ' an d  X '  are th e  fre e  an d  c o m p le x  ca t io n  
a n d  a n io n  in  so lu t io n , r e sp e c t iv e ly . F ro m  th e  c y c le  sh o w n  a b o v e , it  f o l lo w s  that in  term s  
o f  en th a lp ie s .
A c o w ^ '  =  A ,77% L )w  + A ,7 7 X M " + % -)w  +A c77" - K s H { M V ^ X ~ ) i s ) e g .3 .7 8
S tan d ard  en th a lp ie s  o f  s o lu t io n  fo r  th e  fre e  lig a n d s  L 3  an d  L 4  in  M e C N , M e O H  an d  
D M F  w e r e  d e ter m in ed  ( s e e  T a b le s  3 .1 .5  an d  3 .1 .7 ,  r e sp e c t iv e ly )  an d  d is c u s s e d  in  s e c t io n
3 .1 .2 .  T h er efo re , s o lu t io n  e n th a lp ie s  o f  th e  fre e  m e ta l- io n  sa lt , H g ( C 1 0 4 ) 2  in  th e se  
s o lv e n ts  at 2 9 8 .1 5  K  w e r e  d eter m in ed .
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3 .6 .2 .1 .  D eterm in a tio n  o f  s ta n d a rd  en th a lp ie s  o f  so lu tio n  f o r  m e ta l- io n  s a l ts  in  
a ce to n itr ile , m e th a n o l an  N ,N -d im e th y lfo rm a m id e  a t  2 9 8 .1 5  K
E n th a lp ie s  o f  so lu t io n  o f  H g (C 1 0 4 ) 2  in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K  w e r e  
d eter m in ed  as d esc r ib ed  in  C h ap ter II, s e c t io n  2 .7 .1 .5  an d  th e y  are l is te d  in  T a b le
3 .6 .3 .
M e C N M e O H
c /  m o ld m '^ A s H /k J m o r c /  m o l  d m ' A s H /k J m o l'
4 .0 4  X IQ-4 -5 2 .0 1 1 .9 7  X 10'^ -7 0 .8 0
6 .7 0  X 10'^ -5 1 .4 3 4 .2 2  X 1 0 '^ - 7 1 .5 0
6 .9 2  X 10-^ -5 2 .1 0 5 .3 1  X 1 0 '^ -7 0 .9 1
1 . 2 1  X 10-3 -5 1 .9 2 5 .8 0  X 1 0 '^ - 7 2 .1 0
1 .8 3  X 10'^ - 5 1 .3 0 5 .9 4  X 10'^ - 7 1 .4 0
2 .8 4  X 1 0 '^ - 5 2 .7 0 1 .2 7  X 10'^ - 7 1 .6 3
3 .2 4  X 10'^ - 5 1 .9 0 1 .9 3  X 10'^ - 7 1 .4 2
4 .3 0  X 10'^ - 5 2 .3 0 3 .2 4  X 10'^ - 7 2 .1 0
AgH® =  -5 2 .0  ±  0 .5  k J  mol"^ AgH® =  - 7 1 .5  ±  0 .5  k J  m ol'^
D M F
c /  m o l dm"^ A sH /k J m o l'^
1 .6 3  X 10'^ -1 3 8 .5 2
1 . 8 6  X 1 0 '^ -1 3 7 .5 4
5 .5 1  X 1 0 '^ -1 4 0 .0 3
9 .4 6  X 10 “^ -1 3 9 .5 1
1 .3 6  X 10'^ - 1 3 9 .6 0
AgH® =  - 1 3 9 ± l k J m o r ^
Table 3.6.3. Enthalpies of solution of Hg(C104)2 at various salt concentrations in
acetonitrile, methanol and A,A-dimethylformamide at 298.15 K.
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In sp e c t io n  o f  th is  T a b le  s h o w  that th e  AgH v a lu e s  are in d e p e n d en t o f  th e  co n ce n tr a tio n  
o f  th e  m e ta l- io n  sa lt  in  th e  c o r r e sp o n d in g  so lv e n t  an d  th erefore , a v e r a g e  v a lu e s  w e r e  
ta k en  as th e  standard  en th a lp ie s  o f  s o lu t io n , AgH®, an d  th e se  are in c lu d e d  in  T a b le
3 .6 .3 .
T h e s e  AgH® v a lu e s  in  th e  s o lv e n ts  in v e s t ig a te d  s h o w  that th e  d is s o lu t io n  o f  th is  
e le c tr o ly te  in  th e se  so lv e n ts  le a d s  to  e x o th e r m ic  h ea ts , im p ly in g  that th e  so lv a t io n  
(e x o th e r m ic )  p red o m in a tes  o v e r  th e  cr y sta l la ttice  (en d o th e rm ie )  p r o c e s s .
A s  far a s  stand ard  e n th a lp ie s  o f  s o lu t io n  fo r  A g C 1 0 4  are c o n ce rn ed , D a n i l  d e  N a m o r  
e t  a l?^  rep orted  th e se  v a lu e s  in  a  v a r ie ty  o f  s o lv e n ts  at 2 9 8 .1 5  K . T h e  AgH® v a lu e s  
o b ta in e d  in  th e s e  so lv e n ts  in d ic a te  th at th e  s o lv a t io n  p r o c e s s  p r e d o m in a te  o v e r  th e  
cr y sta l la tt ic e  p r o c e ss .
In  o rd er to  fu lf i l  th e  th e r m o d y n a m ic  c y c le  fo r  th e  co o r d in a tio n  p r o c e s s  ( g iv e n  in  F ig .
3 .6 .1 ,  eq . 3 .7 8 ) ,  stan d ard  e n th a lp ie s  o f  s o lu t io n  fo r  Ag"*" an d  H g^’*' (a s  p erc h lo ra tes )  
c o m p le x e s  w ith  L 3  an d  L 4  are n e e d e d .
3 .6 .2 .2 . D e te rm in a tio n  o f  s ta n d a r d  en th a lp ies  o f  so lu tio n  f o r  A g^  a n d  (as  
p e r c h lo r a te s )  co m p lex es  w ith  L 3  in  v a r io u s  so lv e n ts  a t  2 9 8 .1 5  K
T a b le  3 .6 .4  s h o w s  th e  e n th a lp ie s  o f  s o lu t io n  for  th e  A g L 3 C 1 0 4  c o m p le x  sa lt  
d e te r m in e d  at d iffer en t co n c e n tr a tio n s , c  (m o l dm '^) o f  th e  sa lt  in  M e C N , M e O H  an d  
D M F  at 2 9 8 .1 5  K , r e sp e c t iv e ly .
M e C N M e O H
c /  m o l  dm"^ A g H /k J  m o l ' c /  m o l dm' A gH / k J  m o l
6 .9 7  X 1 0 '^ 8 .9 4 7 .0 2  X 10"^ 9 .4 6
7 .2 6  X 10"^ 9 .3 8 6 .4 9  X 10'^ 9 .3 5
1 .3 0  X 10-4 1 0 .5 0 1 .9 8  X 1 0 "^ 9 .4 7
2 .3 7  X IQ-^ 1 2 .4 6 2 .1 7  X 10"* 9 .1 9
3 .6 1  X 10'^ 1 3 .7 0 2 .4 2  X 10"* 9 .2 9
2 .6 3  X IQ-^ 1 2 .6 5 3 .0 4  X 10"* 9 .5 0
3 .7 0  X 10"^ 1 4 .2 0 3 .1 7  X 10"* 9 .3 6
5 .1 5  X 10"* 9 .2 2
A.H° = 9.35 ± 0.12 kJ mol'
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D M F
c /  m o l  dm"^ A g H /k J  m ol'*
7 .6 5  X 10'^ - 5 0 .2 0
5 .5 2  X 10'^ - 5 0 .2 2
1 .4 5  X 10'^ - 5 0 .1 7
4 .4 7  X 10"* - 5 0 .2 4
6 .4 1  X 10"* -5 0 .2 1
6 .4 7  X 10"* -5 0 .2 0
A sH ° =  - 5 0 .2 0  ±  0 .0 3  k J  m o l  '
T a b le  3 .6 .4 .  E n th a lp ie s  o f  s o lu t io n  o f  A g L 3 C 1 0 4  at v a r io u s  c o n c e n tr a tio n s  in  
a c e to n itr ile , m eth a n o l an d  A ,A -d im e th y lfo r m a m id e  at 2 9 8 .1 5  K .
T h e  e n th a lp y  o f  so lu t io n  o f  A g L 3 C 1 0 4  ap p ears to  v a ry  w ith  th e  c o n c e n tr a tio n  o f  th e  
sa lt  u s e d  in  M e C N  an d  th e re fo r e  th e  stand ard  en th a lp y  o f  s o lu t io n  in  th is  s o lv e n t ,  
A sH °, i s  th e  v a lu e  a t io n ic  stren gth , /  =  0  fro m  a  p lo t  o f  AgH a g a in s t  H o w e v e r ,  
fo r  an  e le c tr o ly te  w it h  io n ic  ch a rg e , z/, eq u a l to  1, th e  io n ic  stre n g th  (e q . 3 .7 9 )  i s  eq u a l 
to  th e  c o n ce n tr a tio n  o f  th is  e le c tr o ly te . H e n c e  fro m  F ig . 3 .6 .1 . ,  AgH° w a s  fo u n d  to  b e  
eq u a l to  + 5 .4  ±  0 .2 2 ,
e g . 3 .7 9
fri eq . 3 .7 9 ,  /  an d  Zj are th e  io n ic  stren g th  an d  c h a rg e  r e s p e c t iv e ly  at c o n c e n tr a t io n  c/.
16 1
14 - y = 450.89X+ 5.37 
R^  = 0.99€  12 - II >0 -
0.0250.0200.000 0.005 0.0150.010
M 2
F ig . 3 .6 .1 .  P lo t  o f  AgH° a g a in st  fo r  A g L 3 C 1 0 4  in  a c e to n itr ile  at 2 9 8 .1 5  K .
In  M e O H  an d  D M F  th e  e n th a lp y  o f  s o lu t io n  fo r  th is  c o m p le x  sa lt  ap p ears to  b e  
in d e p e n d e n t  o f  th e  c o n ce n tr a tio n . T h er e fo re , a v e r a g e s  w e r e  ta k e n  as th e  stan d ard
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en th a lp ie s  o f  so lu t io n  o f  A g L 3 C 1 0 4  in  th e se  so lv e n ts  at 2 9 8 .1 5  K  an d  th e se  are  
in c lu d e d  in  T a b le  3 .6 .3 .
U p o n  c o m p le x a t io n  w ith  th e  lig a n d , th e  s iz e  o f  th e  m e ta l- io n  c o m p le x  is  larger  th an  
th e  fre e  m e ta l- io n . T h erefo re , th e  e n e r g y  req u ired  to  b reak  th e  c r y s ta l la t t ic e  in  th e  
c o m p le x  is  e x p e c te d  to  b e  lo w e r  th an  that fo r  th e  free  ca tio n . H o w e v e r ,  th e  fre e  c a t io n  
ten d s to  b e  m o r e  e x p o se d  to  th e  s o lv e n t  th an  th e  c o m p le x  o n e . C o m p a r in g  th e  AgH° 
v a lu e s  o f  sa lt  A g L 3 C 1 0 4  an d  A g C 1 0 4 , th e  p o s it iv e  en th a lp ie s  o b ta in e d  fo r  th e  fo rm er  
con trast w ith  th o s e  fo r  Ih e latter, in  that th e  e n th a lp y  a sso c ia te d  w it h  th e  cr y sta l la ttic e  
e n e r g y  p r o c e s s  p red o m in a tes  (e x c e p t  in  D M F ) w h ile  fo r  th e  fr e e  s i lv e r  sa lt  th e  
o p p o s ite  b e h a v io u r  w a s  fo u n d .
A s  far as th e  H g L 3 (C 1 0 4 ) 2  c o m p le x  is  co n c e r n e d , T a b le  3 .6 .5  s h o w s  th e  e n th a lp ie s  o f  
so lu t io n  fo r  th is  c o m p le x  sa lt  d e ter m in ed  at d iffer en t c o n c e n tr a tio n s , c  (m o l dm '^) o f  
th e  e le c tr o ly te  in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K , r e sp e c t iv e ly .
M e C N M e O H
c /  m o ld m '^ A s H /k J m o f* c /  m o l dm"^ A g H /k J  m ol'*
8 . 2 1  X 1 0 -^ - 5 3 .5 6 1 .4 4  X 10"* - 1 0
5 .4 5  X 10'^ -5 2 .3 5 2 .3 8  X 10"* -8 .3
1 .5 5  X 10"* -5 6 .1 5 2 .6 3  X 10"* -6 .3 0
2 .9 5  X 10"* -5 8 .5 7 2 .6 4  X 10"* -7 .7 2
3 .2 9  X 10"* -5 8 .9 2 4 .4 3  X 10"* - 4 .7 7
4 .0 5  X 10"* - 5 9 .8 7 8 .5 7  X 10"* - 0 .2 7
D M F
c /  m o l dm'^ A gH /k J  m o l*
7 .0 0  X 10'^ -1 0 4 .8 3
1 .0 7  X 10"* -1 0 3
2 .2 8  X 1 0 "* - 9 4 .5 2
2 .6 5  X 10'"* -9 3 .3 1
7 .4 0  X 10"* -4 5
Table 3.6.5. Enthalpies of solution of HgL3(C104)2 at various salt concentrations in
acetonitrile, methanol and N,AT-dimethylformamide at 298.15 K, respectively.
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A c c o r d in g  to  data  s h o w n  in  T a b le  3 .6 .5 ,  th e  h ea t o f  so lu t io n  w a s  d e p e n d e n t  o n  th e  sa lt  
co n cen tra tio n . F o r  a  b iv a le n t  m e ta l c a t io n  th e  io n ic  ch a rg e  is  2 , th e r e fo r e  th e  io n ic  
stren gth  is  n o t  eq u a l to  th e  c o n c e n tr a tio n  o f  th e  e le c tr o ly te  (e q . 3 .7 9 ) .  T h u s , AgH 
v a lu e s  w e r e  p lo tte d  a g a in st  th e  sq u are r o o t  o f  th e  io n ic  stren gth  as g iv e n  in  F ig . 3 .6 ,2 ,  
in  M e C N , M e O H  an d  D M F , r e s p e c t iv e ly .
In MeCN -40
0.(110 0.015 0.020 0.025 0.030 0.035
y =-373.5 Ix -48.27 
R^  = 0.99
-60 -
f l/2-65
In MeOH
0 .( 7045 0.0500.020 0.025 0.030 0.035 0.040
y = 376.51x- 17.56 
R  ^ =  1 . 0 0
3
I
-10  -
-12 J
In DMF -70 
-80 -
Sh 2%  B -85 -
^ 3  -9 0 .
-95 - 
-1 0 0  - 
-105 - 
-1 1 0  -
10 0.015 0.020 0.025 0.030 0.035 0.040 .  0.045
y = 1017.931X- 118.990 
R2 = 0.998
p /2
F ig ,  3 .6 .2 .  P lo ts  o f  A sH ° a g a in s t  fo r  H g L 3 (C 1 0 4 ) 2  in  M e C N , M e O H  an d  D M F ,  
r e s p e c t iv e ly  at 2 9 8 .1 5  K .
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F ro m  F ig . 3 .6 .2  th e  standard  en th a lp ie s  o f  so lu t io n  fo r  H g L 3 (C 1 0 4 ) 2  in  M e C N , M e O H  
an d  D M F  w e r e , AgH® =  -4 8 .3  ±  0 .4 , -1 7 .6  ±  0 .2 ,  -1 1 9  ±  0 .5  k J  m o l" \  r e sp e c t iv e ly .  
T h e s e  v a lu e s  in d ica te  that th e  so lv a t io n  p r o c e ss  p red o m in a te s  in  a ll so lv e n ts  
in v e st ig a te d .
3 .6 .2 .3 . D e te rm in a tio n  o f  s ta n d a r d  e n th a lp ie s  o f  so lu tio n  f o r  A g^  a n d  (as  
p e rc h lo ra te s )  co m p lex es w ith  L 4  in  v a r io u s  so lv e n ts  a t  2 9 8 .1 5  K
T a b le  3 .6 .6  sh o w s  th e  e n th a lp ie s  o f  s o lu t io n  fo r  th e  A g L 4 C 1 0 4  c o m p le x  d e te r m in e d  at 
d iffer en t co n ce n tr a tio n s , c  (m o l d m ‘^) o f  th e  sa lt  in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  
K , r e sp e c t iv e ly .
M e C N M e O H
c /  m o l dm'^ A g H /k J m o r ^ c /  m o l  dm'^ A g H /k J m o r *
8 .3  X 1 0 '^ - 2 . 0 2 1 .4 2  X 10"* 8 .2 4
1 . 1 2  X 1 0 '^ -2 .2 6 1 .5 4  X 1 0 ^ 8 .4 4
2 .4 7  X 10"^ -3 .1 0 2 . 1 0  X 1 0 "* 1 0 .3 4
3 .2 4  X 10'^ - 3 .4 7 3 .9 7  X 10"* 1 3 .9 0
4 .2 0  X 10*4 -3 .8 1 5 .3 0  X 10"* 1 5 .7 2
8 .7 0  X 10'^ - 5 .9 0
D M F
c /  m o l  d m “^ A gH /k J  m o l*
9 .2 0  X 10'^ -1 4 .2 0
3 .6 8  X 10-^ - 9 .9 2
4 .4 2  X 1 0 ‘4 -9 .7 7
5 .5 4  X 10"^ -8 .5 6
6 .9 6  X 10"* -7 .1 0
8 .7 0  X 10"* - 5 .9 0
Table 3.6.6. Enthalpies of solution of AgL4C104 at various salt concentration in
acetonitrile, methanol and A,A-dimethylformamide at 298.15 K, respectively.
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A c c o r d in g  to  T a b le  3 .6 .6 ,  th e  en th a lp ie s  o f  s o lu t io n  o f  A g L 4 C 1 0 4  v a r ie d  w ith  th e  sa lt  
co n ce n tr a tio n , th ere fo re , th e  A sH ° w a s  d e te r m in e d  b y  p lo tt in g  th e  AgH a g a in st  
(F ig . 3 .6 .3 ) .
In M e C N 0.01 0.015 0,02 0.025 0.03 0.035
y = -186.82x-0.21 
= 0.99
.1/2
In M e O H  i s  i
16 -
14 - 
gfi 12 - 
-  1 0 -
y = 681.335x4-0.181 
= 0.997
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
In D M F
0.(05 0.01 0.02 0.0350.015 0.025 0.03
ILr Q
5
-10  - y = 415.56% - 18.19 
R^  = 0.99-12  -
-14 -
-16 -J ■1/2
F ig .  3 .6 ,3 .  P lo t s  o f  A sH ° a g a in s t  fo r  A g L 4 C 1 0 4  in  M e C N , M e O H  an d  D M F ,  
r e sp e c t iv e ly .
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F rom  F ig . 3 .6 .3 , it  f o l lo w s  that th e  stan d ard  en th a lp ie s  o f  s o lu t io n  fo r  A g L 4 C 1 0 4  in  
M e C N , M e O H  an d  D M F  w e r e , AgH° =  -0 .2 1  ±  0 .1 2 ,  + 0 .1 8  ±  0 .1 0 ,  -1 8 .2  ±  0 .3  kJ  
m o f  \  r e sp e c tiv e ly .
T h e stand ard  en th a lp ie s  o b ta in e d  in  M e C N  an d  M e O H  are v e r y  c lo s e  to  z e r o , th u s  
in d ic a t in g  th at a  c o m p e n sa tio n  e f f e c t  i s  ta k in g  p la c e  b e tw e e n  th e  s o lv a t io n  an d  cry sta l 
la ttic e  p r o c e s se s .
A s  far as th e  standard e n th a lp ie s  o f  so lu t io n  o f  H g L 4 (C 1 0 4 ) 2  in  M e C N , M e O H  and  
D M F  are c o n ce rn ed , T a b le  3 .6 .7  s h o w s  th e  en th a lp y  o f  s o lu t io n  o f  th is  c o m p le x  sa lt  
in  th e se  so lv e n ts  m ea su re d  at d iffe r e n t  co n ce n tr a tio n s  o f  th e  sa lt.
M e C N M e O H
c /  m o l dm"^ A sH /k J m o l'^ c /  m o l  dm '  ^ A gH /kJm ol"^
1 .1 4  X 10-4 1 . 8 6 9 .5 8  X 1Q-5 1 5 .4 0
1 .23  X 10 “^ 1 .3 0 8 .6 0  X 1 0 '^ 1 5 .4 5
2 .1 3  X 1 0 '^ -4 .7 3 2 .3 3  X 1 0 '^ 1 5 .0 4
3 .5 3  X 10"^ -9 .5 3 2 .5 5  X 10'^ 1 4 .9 0
4 .5 4  X 10 ’^ - 1 1 .1 8 3 .1 3  X 10'^ 1 4 .7 2
4 .8 4  X 1 0 -^ - 1 1 .8 5 4 .4 8  X 10"* 1 4 .4 0
D M F
c /  m o l  dm'^ A s H /k J m o f^
5 .4 0  X 10'^ -4 6 .7 7
8 .4 5  X 10"* -5 5 .6 5
1 .2 6  X 1 0 "* -5 9 .7 4
2 .4 0  X 10"* - 7 7 .0 0
4 .5 6  X 10"* - 9 0 .2 4
7 .0 8  X 10"* - 1 1 4 .5 0
Table 3.6.7. Enthalpies of solution of HgL4(C104)2 at various salt concentrations in
acetonitrile, methanol and A, A-dimethylformamide at 298.15 K, respectively.
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P lo ts  o f  A sH ° a g a in st fo r  H g L 4 (C 1 0 4 ) 2  in  M e C N , M e O H  an d  D M F  are g iv e n  in  
F ig , 3 .6 .4 .
In M e C N
0.0! 0.025 0.03 0.035 0.04II y = -770.01x4-14.29 
R^=0.98
-10  -  
-12  -  
-14-
In MeOH  16 -
15 -
y = -86.86x4-16.27 
R^  = 0.98
15 -
14 -
0.005 0.01 0.015 0.0250.02
In D M F
05 0.010 0.015 0.020 0.025 0.030•28 -
y = -335Q77X- 23.05 
= 0.99
5 -68  ■
-88 -
-108 -
-128 4 /2
Fig. 3.6.4. P lo ts  o f  A sH ° a g a in s t  fo r  H g L 4 (C I 0 4 ) 2  in  M e C N , M e O H  an d  D M F ,  
r e sp e c t iv e ly .
F ro m  F ig . 3 .6 .4 ,  it  f o l lo w s  th at th e  stan d ard  e n th a lp ie s  o f  s o lu t io n  fo r  H g L 4 (C 1 0 4 ) 2  in  
M e C N , M e O H  an d  D M F  w e r e , A ,H °  =  + 1 4 .3  ±  1 .3 , + 1 6 .3  ±  0 .8 ,  -2 3 .1  =b 0 .8  k J  m o f ,  
r e sp e c t iv e ly .
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T h e  a v a ila b ility  o f  AgH° v a lu e s  fo r  th e  fr e e  and  c o m p le x e d  c a t io n  sa lts  an d  th e  l ig a n d s  
as w e l l  a s c o m p le x a t io n  e n th a lp ie s  fo r  L 3  an d  L 4  w ith  A g^  a n d  Hg^^ (a s  p erc h lo ra tes )  
in  M e C N , M e O H  an d  D M F  a llo w s  th e  c a lc u la t io n  o f  th e  en th a lp y  o f  c o o r d in a tio n  fo r  
th e se  sy s te m s , an d  th e se  are n o w  d isc u sse d .
3 .6 .2 .4 . S ta n d a rd  en th a lp ies  o f  co o rd in a tio n
B e fo r e  d is c u s s in g  th e  tran sfer  th e r m o d y n a m ic s  o f  reactan ts an d  p ro d u c t u s in g  th e  
so lu t io n  d ata  e s ta b lish e d  fo r  th e s e  sy s te m s  in  th e  s o lv e n ts  o f  in te re st , th e  a c c u r a c y  o f  
th e se  d ata  c a n  b e  c h e c k e d  b y  c a lc u la t in g  th e  standard  e n th a lp y  o f  co o r d in a tio n ,  
AcoordH° a s g iv e n  in  eq . 3 .7 8  ( S c h e m e  3 .6 .1 ) .
T h e  stand ard  e n th a lp y  o f  c o o r d in a tio n  (eq . 3 .7 8 )  i s  referred  to  th e  p r o c e s s  in  w h ic h  
th e  reactan ts an d  th e  p ro d u ct are in  th e  s o lid  sta te . T h erefo re , a s  d is c u s s e d  ea r lier  th e  
v a lu e s  o f  AcoordH® sh o u ld  b e  th e  sa m e  fo r  a  g iv e n  sy s te m  d isr e g a r d in g  th e  s o lv e n t  
u sed .
S tan dard  en th a lp ie s  o f  s o lu t io n  an d  c a lc u la te d  stand ard  en th a lp y  o f  c o o r d in a t io n  fo r  
th e  s y s te m  in v o lv in g  L 3  w ith  A g C 1 0 4  an d  H g (C 1 0 4 ) 2  in  th e  s o lv e n ts  in v e s t ig a te d  are  
g iv e n  in  T a b le s  3 .6 .8  an d  3 .6 .9 ,  r e sp e c t iv e ly . W h ile  for  L 4  th e s e  d a ta  are s h o w n  in  
T a b le  3 .6 .1 0  an d  3 .6 .1 1 ,  r e sp e c t iv e ly .
A sH ° ,k J m o r ^ AcH ^kJm ol"^*^ A coordH °,kJm or^
S o lv e n t A g C 1 0 4  = L 3^  A gL 3 C 1 0 4 " Ag'" +  L 3(solution)
A g C 1 0 4  +  L 3
(solid state)
M e C N -4 7 .5 2 3 .8  5 .4 -2 0 .7 -5 0 .1
M e O H -1 4 .2 1 9 .2  9 .4 -4 5 .7 -5 0 .1
D M F - 5 1 .2 -1 1 .1  -5 0 .2 -3 8 .5 -5 0 .6
"(Ref. 76); , sec. 3.1.2; ®, sec. S.6.2.2 and , sec. 3,5,5
T a b le  3 .6 .8 .  E n th a lp ie s  o f  c o o r d in a tio n  o f  A g L 3 C 1 0 4  at 2 9 8 .1 5  K
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A sH ° ,k J m o r ^ AcH°, k J m o l ■Id AcoordH®, kJ mol'^
S o lv e n t Hg(C104)2" L3^ HgL3(C104)2" H g" +  L 3(solution)
H g(C 104)2  +  L 3  
(solid state)
M e C N -5 2 .0 2 3 .8 - 4 8 .3 - 7 4 .0 -5 4 .2
M e O H -7 1 .5 1 9 .2 - 1 7 .6 - 1 9 .7 -5 4 .4
D M F - 1 3 9 .0 - 1 1 . 1 - 1 1 9 .0 - 2 2 .3 - 5 3 .4
", sec. 3.6.2.1; ^ sec. 3.1.2; ", sec. 3.6.2.2 and sec. 3.5.5
T a b le  3 .6 .9 .  E n th a lp ie s  o f  co o r d in a tio n  o f  H g L 3 (C 1 0 4 ) 2  at 2 9 8 .1 5  K
A s H ° ,k J m o r * AcH^kJmoF^*^ A(:oordH°, kJ mol'^
S o lv e n t A g C 1 0 4 " L 4^ A g L 4 C 1 0 4 " Ag"' +  L 4  (solution)
A g C 1 0 4  +  L 4  
(solid state)
M e C N -4 7 .5 17 .1 - 0 . 2 -2 7 .8 -5 8 .0
M e O H -1 4 .2 2 7 .0 0 . 2 -7 1 .4 -5 8 .8
D M F -5 1 .2 2 2 .3 -1 8 .2 -4 8 ,0 -5 8 .7
"(Ref. 76); \  sec. 3.1.2; ", sec. 3 6.2.3 and sec. 3,5,4
T a b le  3 .6 .1 0 .  E n th a lp ie s  o f  c o o r d in a tio n  o f  A g L 4 C 1 0 4  at 2 9 8 .1 5  K
A sH °, k J  m o]r' A c H ° ,k J m o r ‘ “ AcoordH®, kJ m o l“^'
S o lv e n t Hg(C104)2 = L4'^ H g L 4 (C 1 0 4 )2 " Hg^  ^+  L 4  (solution)
H g (C 1 0 4 )2  +  L 4  
(solid state)
M e C N -5 2 .0 17 .1 1 4 .3 0 -8 3 .5 -1 3 2 .8
M e O H -7 1 .5 2 7 .0 1 6 .3 - 7 2 .0 -1 3 2 .8
D M F - 1 3 9 .0 2 2 .3 -2 3 .1 -3 8 .0 - 1 3 1 .6
", sec. 3.6.2.1; ^ sec. 3.1.2; ", sec. 3.6.2.3 and ‘‘j sec. 3,5,4
T a b le  3 .6 .1 1 .  E n th a lp ie s  o f  c o o r d in a tio n  o f  H g L 4 (C 1 0 4 ) 2  at 2 9 8 .1 5  K
T h e  g o o d  a g r e e m e n t fo u n d  b e tw e e n  th e  AcoordH® (kJ  m ol'^) v a lu e s  d e r iv e d  fr o m  th ree  
d iffe r e n t  s o lv e n ts  c o n fir m  th e  a c c u r a c y  o f  th e  e n th a lp y  d a ta  rep o rted  in  th is  th e s is  for  
a ll s y s te m s  in v o lv e d . T h u s  a v e r a g e  v a lu e s  are g iv e n  fo r  th e  e n th a lp ie s  o f  c o o r d in a tio n  
o f  th e s e  sy s te m s , AcoordH® =  -5 0 .1  ±  0 .5  k J mol"^ fo r  A g L 3 C 1 0 4 , - 5 3 .9  ±  0 .5  k J m ol'^  
fo r  H g L 3 (C 1 0 4 ) 2 , -5 8 .5 1  ±  0 .4 5  k J  m ol'^ fo r  A g L 4 C 1 0 4 , an d  - 1 3 2 .4  ±  0 .6 5  k J  m ol'^ fo r  
H g L 4 (C 1 0 4 )2 .
h i  th e  f o l lo w in g  s e c t io n , th e  m e d iu m  e f f e c t  o n  th e  c o m p le x a t io n  G ib b s  e n e r g ie s ,  
e n th a lp ie s  an d  e n tro p ies  fo r  th e s e  s y s te m s  is  d isc u sse d .
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3.6 .3 . T ran sfer th erm o d yn a m ics o f  rea c ta n ts  a n d  p r o d u c t
In  s e c t io n s  3 .5 .4  an d  3 .5 .5  th e  th e r m o d y n a m ic  p aram eters  o f  c o m p le x a t io n  fo r  L 3  an d  
L 4  w ith  Ag'*’ an d  Hg^^ (a s p erc h lo ra tes)  in  M e C N , M e O H  an d  D M F  at 2 9 8 .1 5  K  w e r e  
es ta b lish ed . T h e se  in v e s t ig a t io n s  s h o w e d  that th e  so lv e n t  p la y s  a  m a jo r  r o le  in  the  
c o m p le x  sta b ility . T h er efo re , in tr o d u c in g  th e  re le v a n t d a ta  in  eq . 1 .2 , a  q u a n tita tiv e  
a sse s sm e n t  ca n  b e  m a d e  reg a rd in g  th e  fa cto rs  that c o n tro l th e  s e le c t iv e  c o m p le x a t io n  
o f  a lig a n d  in  a  g iv e n  s o lv e n t  r e la t iv e  to  an oth er.
T h e  s ta b ility  o f  th e  c o m p le x a t io n  p r o c e s s  for a  g iv e n  s y s te m  in  o n e  s o lv e n t  w ith  
r e sp e c t  to  a n o th er  is  fa v o u r e d  w h e n  th e  m e d iu m  is  a  g o o d  s o lv a to r  fo r  th e  m e ta l- io n  
c o m p le x  an d  a  p o o r  so lv a to r  fo r  th e  reactan ts.
3 .6 .3 .1 . T ran sfer p a r a m e te r s  f o r  th e  sy s te m s  in vo lv in g  L 3  a n d  L 4  w ith  A g C l04  a n d  
th e ir  co m p lex es
S tan dard  tran sfer  p aram eters (G ib b s  e n e r g y , AtG °; en th a lp y , A tH ° an d  en tro p y , AtS'*) 
fo r  th e  reactan t and  th e  p ro d u ct fro m  M e C N  to  o th er  s o lv e n ts  w e r e  c a lc u la te d  fro m  
eq s . 3 .8 , 3 .1 5  an d  3 .1 6 . F o r  that, L 3  an d  L 4  AgH° v a lu e s  in  T a b le s  3 .1 .5  an d  3 .1 .7  
w e r e  u se d .
S i i ig le - io n  tran sfer  p aram eters  fo r  Ag"^ fro m  M e C N  to  M e O H  a n d  D M F  at 2 9 8 .1 5  K  
b a se d  o n  th e  P li iA s P l^ B  c o n v e n t io n  h a v e  b e e n  rep o r ted  in  th e  literature.^^’^ ^
T a k in g  th e  s in g le - io n  A tH ° v a lu e s  fo r  th e  C IO 4 ' a n io n  fro m  M e C N  to  o th e r  s o lv e n ts  
( 1 4 .4 3  to  M e O H  an d  - 5 .8 7  to  D M F , k J  mol"^), th e  c o r r e sp o n d in g  d a ta  fo r  th e  A gL3'^  
a n d  A g L 4 ^  c o m p le x  c a t io n  w e r e  c a lc u la te d  (a ll v a lu e s  are b a s e d  o n  th e  P l^ A sP h ^ B  
c o n v e n t io n )  fro m  eq . 3 .8 1 .
)(MeCN^s ) = àsH°{AgLClO/^)(^s ) -  ù,sH^{AgLClO/[)(^MeCN) -à tH ^iC lO ^ )(^MeCN-^s ) 
 ^  ^ eq . 3 .8 1
In  eq . 3 .8 1 ,  L  c a n  b e  L 3  o r  L 4  an d  { s i)  i s  th e  r e c e iv in g  so lv e n t  (M e O H  or D M F ).
It sh o u ld  b e  n o te d  that th e  G ib b s  e n e r g ie s  o f  tran sfer fo r  th e  c o m p le x e s  o f  AgL3'*' and  
A g L 4 ’*‘ fro m  M e C N  to  M e O H  an d  D M F  w e r e  ca lc u la te d  fro m  c o r r e sp o n d in g  d a ta  fo r  
th e  s in g le - io n , th e  lig a n d , an d  G ib b s  e n e r g ie s  o f  c o m p le x a t io n  in  th e  r e fe r e n c e  an d  in  
th e  r e c e iv in g  so lv e n ts , s in c e  th e  su m  o f  a ll th e se  d ata  sh o u ld  b e  eq u a l to  z e r o .
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B y  in se r tin g  th e  ap p rop r ia te  q u a n tit ie s  in  th e  th e rm o d y n a m ic  c y c le  ( s e e  C h ap ter I, 
s e c t io n  1 .4 .3 )  in  term s o f  A G ° (k J  m o l ' ) ,  AH" (k J  m o l ')  an d  A S “ (J  K"' m o l  ' ) ,  th e  
f o l lo w in g  sy s te m s  are a n a ly sed .
L 3 : M e C N -M e O H
AtG°
AtH°
AtS''
3 0 .1  kJ m ol'^  
1 8 .9 k J m o l'^  
-3 8  J K '^ m o r ^
A g ' ^ i M e O H )  ^ +
A cG ° =  -1 8 .3  kJ m o l'  
AcH° =  - 2 0 .6 k J m o r ’ 
AcS° =  -8 JK'^mol'^
4 .2  kJ mol'^  
-4 .7  kJ mol'^  
- 3 0 J K ' ^ m o r
A g L i " ^  {MeCN)
1 1 .2 k J m o r  
- lO .S k J m o l'^  
-7 3  J K'^ m ol'^
A3 {MeOH ) A g L Z * { M e O H ,
AJG° =  - 4 1 .4  k J  m o l '  
A cH “ =  - 4 5 .7 k J m o r '  
A „S° =  - 1 4 J K ' ' m o r '
L 3 :M e C N -D M F
A g ' {MeCN) + A 3
A g * { D M F )  +
{MeCN)
AcG° =  - 1 8 .3 k J m o l '^
A cH ° = - 2 0 .6 4  k J m o l'^
AcS° =  -8  J K '^ m o l'^  
------------------------------- A g L i ' ^ { M e C N )
AtG° 4 .7  k l  m o l ' -0 .5  k J m o l '
AtH° >--------- 2 . 2  kJ m ol"' -3 5 .0  kJ m o l '
AtS° - 8  J K - ' m o f ' -1 1 6  J K - ' m o f 'J ' 1 \< V
- 1 .7 k J m o r ^  
-5 0 .0  kJ mol'^  
-1 6 1  J K '^ m o l'^
L2>{d m f )
A cG ° =  -2 4 .2  k J m o l  
AcH° =  - 3 8 .5 k J m o r  
AcS° =  -4 8  J K - ' m o f
AgL'i*{DMF)
In  term s o f  tran sfer  G ib b s  e n e r g ie s , th e  h ig h e r  s ta b ility  (m o r e  fa v o u r a b le  A cG °) 
o b se r v e d  fo r  Ag"*" an d  L 3  in  M e O H  r e la t iv e  to  M e C N , is  d u e  m a in ly  to  th e  fa v o u r a b le  
co n tr ib u tio n  o f  th e  fre e  m e ta l c a t io n  an d  to  a  m u c h  le s se r  e x te n t  fr o m  th a t o f  th e  fre e  
l ig a n d  (b e tter  so lv a te d  in  M e C N ) , w h ic h  o v e r c o m e  th e  u n fa v o u r a b le  co n tr ib u tio n  o f
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th e  m e ta l- io n  c o m p le x  in  M e O H  ( le s s  so lv a te d )  w ith  r e sp e c t  to  M e C N  (m o r e  
so lv a ted ).
F or th e  so lv e n t  sy s te m  M e C N -D M F , th e  s ta b ility  o b se r v e d  fo r  Ag'*' w ith  L 3  in  M e C N  
an d  D M F  is  v e r y  c lo s e ,  th is  in d ic a te s  that th e s e  so lv e n ts  d o  n o t  o f fe r  a  d iffer en t  
s o lv a t in g  m e d ia  fo r  th e  s p e c ie s  in  so lu t io n . T h is  i s  e v id e n t  fro m  th e  r e la t iv e ly  sm a ll  
v a lu e s  o f  A tG ° fo r  th e  lig a n d , th e  fre e  an d  c o m p le x e d  c a t io n s  in  g o in g  fr o m  M e C N  to  
D M F . H o w e v e r , th e  c o n tr ib u tio n  o f  th e  lig a n d , e v e n  th o u g h  l it t le ,  s t i l l  d o e s  n o t  
fa v o u rs th e  c o m p le x a t io n  in  D M F . T h er e fo re , th e  sm a ll d if fe r e n c e  o b s e r v e d  in  th e  
s ta b ility  fo r  th is  sy s te m  in  D M F  w ith  r e sp ec t to  M e C N  is  a ttr ib u ted  to  b o th , th e  
s l ig h t ly  h ig h e r  so lv a t io n  o f  th e  m e ta l- io n  c o m p le x  in  D M F  an d  th e  lo w e r  s o lv a t io n  o f  
th e  fre e  c a t io n  in  th is  so lv e n t  r e la t iv e  to  M e C N .
A s  far as e n th a lp ie s  are c o n c e r n e d , in  M e C N -M e O H , th e  h ig h e r  e n th a lp ic  s ta b ility  
o b se r v e d  in  th e  c o m p le x a t io n  o f  Ag"** w ith  L 3  in  M e O H  r e la t iv e  to  M e C N  is  d u e  to  th e  
fa v o u r a b le  co n tr ib u tio n  o f  b o th  th e  fre e  (p o o r ly  so lv a te d  in  M e O H )  an d  th e  
c o m p le x e d  c a t io n  (b e tter  s o lv a te d  in  M e O H ). T h e  fre e  lig a n d  b e in g  e n th a lp ic a lly  
m o r e  s ta b le  in  M e O H  th an  in  M e C N  d o e s  n o t  co n tr ib u te  fa v o u r a b ly  to  th e  e n th a lp y  o f  
c o m p le x a t io n , A cH °, in  th e  fo rm er  s o lv e n t  r e la t iv e  to  th e  later.
O n  th e  o th er  h an d , fo r  M e C N -D M F , th e  lig a n d  b e in g  e n th a lp ic a lly  m o r e  s ta b le  in  
D M F  th an  in  M e C N , i t  co n tr ib u tes  u n fa v o u r a b ly  to  th e  en th a lp y  fo r  c o m p le x a t io n  in  
D M F  re la tiv e  to  M e C N . H o w e v e r , th is  u n fa v o u r a b le  co n tr ib u tio n  fr o m  th e  fre e  lig a n d  
an d  th e  sm a ll v a lu e  o f  tran sfer  e n th a lp y  o f  th e  fre e  m e ta l c a t io n  are o v e r c o m e  b y  th e  
fa v o u r a b le  A tH ° o f  th e  m e ta l- io n  c o m p le x  (n e g a tiv e  v a lu e )  fro m  M e C N  to  D M F  an d  
th ere fo re , th e  c o m p le x a t io n  p r o c e s s  i s  e n th a lp ic a lly  m o r e  s ta b le  in  D M F  th an  in  
M e C N .
T h e  grea ter  lo s s  in  en tro p y  (u n fa v o u ra b le )  in  tran sfers  to  M e O H  a n d  D M F  r e la t iv e  to  
M e C N  is  m a in ly  a ttr ib u ted  to  th e  n e g a t iv e  v a lu e s  o f  tran sfer  e n tr o p ie s , A tS°, o f  th e  
m e ta l- io n  c o m p le x  in  m o v in g  fro m  M e C N  to  th e se  so lv e n ts  th at o v e r c o m e  th o s e  o f  
th e  lig a n d  an d  m e ta l ca tio n .
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L 4 :  M e C N -M e O H
AtG
AtH°>
(M eCN  ) A 4
3 0 .1  M m o l '  
1 8 .9  M m o l '  
-3 8  J K ' m o l '
A g  *{UeOH ) +
(M eCN  )
A cG “ = - 2 4 .0  M m o l ' '
A .H ° =  . 2 7 .8  M m o l  '
A cS° =  -1 3  J K - 'm o l - '
------------^  A g L  4*{MeCN )
1.3 kJ m o l'  
9 .8  kJ mol'^ 
2 9  J K ‘‘ m o l '
L 4 ( M e O H ) '
1 1 .4 M  m o l '  
-1 4 .0  M m o l '  
8 5  J K  ' m o l  '
AgL4*^MeOH)
A cG ° = - 4 4 .0  M m o l ' '  
A .H ° = -7 1 .4  M m o l '  
A cS° =  - 9 2 J K ' ' m o r '
-1
L 4 :M e C N -D M P
AcG ° =  - 2 4 k J m o l  
A cH ° =  - 2 7 .8 k J m o r ^  
A cS° =  -1 3  J K ‘  ^ m ol'^
^ g '
AtG°
AtH°
(MeCN) + A 4 (MeCN) A g L A ^  (M eCN)
4 .7  k J m ol'^  
2 .2 k J m o r ^  
- 8  J K '^ m o r ^
Ag'*'(DMF) +
- 2 .0 k J m o r ^
5 .2 k J m o r ^
2 4 J I C ^ m o r
LA (D M F )
- 0 .2 k J m o r ^  
- 1 2 . 1 1 cJ m o r^  
-4 0  JK '^  mol"^
AgL A^(D M F )
A cG ° =  -2 6 .5  k J m o r ^  
A cH ° =  - 4 8 .0 k J m o r
-^1A cS° =  - 7 1 J K ' ^ m o l
F o r  Ag'*' w ith  L 4  in  M e C N -M e O H  an d  M e C N -D M F , in  term s o f  G ib b s  e n e r g ie s  a  
s im ila r  b e h a v io u r  w a s  o b se r v e d  to  that fo u n d  fo r  th is  c a t io n  an d  L 3 ,  th e re fo r e  th e  
sa m e  a n a ly s is  in  term s o f  A tG ° for  th is  sy s te m  is  g iv e n  h ere . H o w e v e r , in  term s o f  
e n th a lp ie s  fo r  th e  M e C N -M e O H  an d  th e  M e C N -D M F  sy s te m s , th e  h ig h e r  en th a lp ic  
s ta b ility  in  M e O H  an d  D M F  r e la t iv e  to  M e C N  is  a  co n tr ib u tio n  fr o m  th e  lig a n d , th e  
fre e  c a t io n  (b o th  p o o r ly  s o lv a te d  in  M e O H  an d  D M F ) an d  th e ir  c o m p le x  (b etter  
s o lv a te d  in  M e O H  an d  D M F ) , w h ic h  fa v o u r  th e  e n th a lp ic  s ta b ility  o f  c o m p le x a t io n  in  
th e  r e c e iv in g  so lv e n t . In  term s o f  en tro p y , a  m o r e  p r o n o u n c e d  d if fe r e n c e  in  th e  
en tr o p ie s  o f  c o m p le x a t io n , A cS °, in  M e O H  an d  D M F  r e la t iv e  to  M e C N  are o b se r v e d  
fo r  th is  l ig a n d  r e la t iv e  to  L 3  a n d  th e s e  s o lv e n t  sy s te m s . T h is  is  a ttr ib u ted  to  th e  m o r e  
fa v o u r a b le  en tro p ies  o f  tran sfer , A tS°, o f  L 4  in  g o in g  fr o m  M e C N  to  M e O H  an d  
D M F .
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3.6.3.2. Transfer parameters fo r  the systems involving L3 and L4 with Hg(Cl04)2 and 
their complexes
Single-ion transfer parameters for Hg^^ from MeCN to MeOH and DMF at 298.15 K 
were not considered in this case due to the lack of literature information for this 
system. However, Ahrland "^^  ^ and Persson "^^ ’^^ ®^ have reported a series of Gibbs 
energies of solution for mercury(II) halides in different solvents from which the 
single-ion Gibbs free energies of transfer from MeCN to MeOH based on the 
PIljAsPIliB convention can be calculated. On the other hand, the Gibbs energies of 
solution of these mercury(II) halides are not reported in DMF. Therefore, it is not 
desirable to consider transfer data of a single-ion in one solvent system and that for its 
salt in another. Therefore, the thermodynamic cycle for this system can only be 
discussed in terms of enthalpy.
L3: MeCN-MeOH
AcH° = -74 kJ mol-1
Hg 2+ (M eCN) + A3 HgL 3^^ (MeCN )(MeCN)
AtH° = -19.5 kJ mol-1 AtH° = -4.7kJm ol‘
(M eOH) 4"
t
A3
AtH° = 30.71 kJ mol'
HgL 3^* (M eOH)(M eOH)
L3: MeCN-DMF
H g  (M eCN)
AtH° = -87kJm ol‘^
AcH° = -19.70 kJmol'^
AeH° = -74kJm or
A3 H g L 3 ^ ^  (M eCN)(M eCN)
M
Hg
AtH° = -34.98 kJ mol'^
2+
(D MF) +
V
A3
AtH° = -70.73 kJ mol-1
H g L 3 ^ ^  (D M F )(DMF)
AcH° = -22.34 kJmol*^
In the MeCN-MeOH system, the higher enthalpic stability for the complexation
process of Hg^^ with L3 in MeCN relative to MeOH, is due to the favourable
contribution from the ligand, the free cation (both are poorly solvated in MeCN) and
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the complex (better solvated in MeCN). On the other hand, in the MeCN-DMF 
system, still the enthalpic stability is higher in MeCN with respect to DMF. The 
metal-ion complex contributes unfavourably to the complexation in MeCN, however, 
this is overcome by the favourable contribution from the free cation and the ligand in 
MeCN relative to DMF.
L4: MeCN-MeOH AcH° = -83.5kJm or'
(M eCN)
AtH° -  -19.5 kJ mol'
A4 H g L A ^ ^  (MeCN)(MeCN)
AtH° = 9.8 kJ mol' AtH° = 2.0kJm ol'
. 2+
H g  (M eOH)
L4: MeCN-DMF
+
Y
A4 HgL4^^(MeOH)(M eOH)
AcH° = -72.0kJmol'^ 
A.H° = -83.5kJmol'^
.2+ +H g  (MeCN)
AtH° ==-87.0 kJ mol'
A4 (MeCN)
AtH  ^= 5.2kJmol'^
H g L A ^ ^ ( M e C N )
AtH° = -37.3kJmol'^
Hg 2+ (DMF) A4 (DMF)  ^  H g L A ^ ^ ( D M F )
A.H° = -38.0kJmol'^
For the MeCN-MeOH solvent system, the higher stability observed in MeCN relative 
to MeOH, is mainly due to the favourable contribution from the free cation, which 
overcomes the unfavourable contribution from the ligand. However, it seems that the 
effect of the medium is not appreciable in the transfer of the complex from MeCN to 
MeOH. On the other hand, in the MeCN-DMF system, the enthalpic stability in 
MeCN with respect to DMF, is due to the favourable contribution of both, the free 
cation and the metal cation complex, which overcome the unfavourable contribution 
of the ligand in MeCN relative to DMF..
Having characterized the complexation process between various metal cations and 
ligands (LI, L3 and L4) in solution, and based on the conductance measurements 
metal-ion complexes were isolated (section 2.9) and their X-ray characterization is 
described in the following section.
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3.7. X-ray studies
X-ray diffraction studies and their interpretation were performed at the Universidad de Sâo 
Paulo, Brazil, by Prof. Eduardo E. Castellano and at the Universidad Nacional de La Plata by 
Dr. Oscar E. Piro.
Crystal data, data collection procedure, structure determination methods, and refinement 
results for structures discussed below are summarised in Tables 2.1, 2.2, 2.3, and 2,4 (Chapter 
II, section 2.10).
All complexes were isolated as described in Chapter II, section 2.9.
Crystal system, space group, unit cell dimensions (a (Â), b (A) and c (A) ), volume (A^  ) , 
Z, calculated d e n s s ity  (Mg/m^) , absorbance coefficient (p , mm" )^ , F(OOO) , Crystal 
size (mm) and crystal color/shape are given respectively at the beginning of each section for 
its corresponding crystal structure.
3.7.1. X-ray crystallographic studies on the lead and cadmium complexes o f L I
Crystal system
Space group
Unit cell dimensions®a (A)
b(A)
c(A)
PC)Volume(A^ )
Z, calc, density (Mg/m^) 
Absorpt.coeff. (p, mm‘ )^ 
F(OOO)
Crystal size (mm)
Crystal color/shape
Orthorhombic
Pbca
20.4360(2)
19.6950(2)
35.1220(4)
90.00
14136.1(3)
8, 1.380 
0.459 
6160
0.15x0.15x0.20
Colorless/fragment
Monoclinic
P2i/c
16.7310(3)
13.7050(5)
35.4330(12)
90.537(2)
8124.4(4)
4, 1.377
2.215
3480
0.20x0.20x0.25
Colorless/fragment
The obtained structures of the two compounds are given in Figs. 3.7.1 and in 3.7.2. In both 
cases the ligand hosts the metal cation (M^ '*‘ = Cd^  ^ and Pb^^ within the hydrophilic cavity 
while the hydrophobic one is filled with an MeCN solvent molecule. An interesting feature of 
these compounds is found in the cadmium complex CdLl which in contrast to most other 
calix[4]arene complexes, the solvent molecule is found with the CN end pointing inward to 
form a Cd - N bond. The orientation of MeCN in CdLl is opposite to that found in PbLl. and 
in most of the relevant X-ray structures reported in the literature^ '^^ '^^^^ "^^ .^ This fact strongly 
suggests that depending on the nature of the cation, interaction in the hydrophilic cavity pre­
organize the hydrophobic cavity as to host a molecule of MeCN oriented in such a way as to 
optimize its binding in the complex (allosteric effect). As shown in Fig. 3.7.1 for CdLl the
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coordination number of the cation is 9. However, this nine-fold coordination is achieved 
through the four ethereal oxygen atoms [Cd -  O distances in the range from 2.378 (2) to 2.412 
(2 ) A], the four carbonyl oxygen atoms [d (Cd -  O) distances from 2.382 (2 ) to 2.610 (2 ) A] 
and the nitrogen atom of the MeCN molecule hosts by the hydrophobic cavity of the calix [Cd 
- N  distance; 2.465 (3) A].
Thus, the ligand atoms conform the comers of a capped arquimedean antiprism with the N -  
atom at the capping site. The ethereal and carbonyl oxygen atoms lay on the two distinct 
squares bases, which are about 2,24 A apart and tilted 37° from each other. The Cd(II) cation 
is sandwiched between these two bases and closer to the ethereal oxygens plane (0 .6 8 8  (1) A) 
than to the carbonyl oxygens (1.553 ( 1) A). This is a unique example in the field of solid-state 
calixarene chemistry. This shows the versatile role that MeCN undergoes in the complexation 
of calix[4]arene derivative with metal cation in the solid state.
As far as the lead complex with L I is concerned (PbLl). the Pb(II) ion is in an eight fold 
coordination with the four ethereal oxygen atoms (d (Pb -  O) distances in the range from 
2.658 (6 ) to 2.699 (6 ) A and the four carbonyl oxygen atoms (d (Pb -  O) distances from 2.491 
(6 ) to 2.527 (7) A, conforming the comers of a distorted cube, tetragonally compressed along 
the calixarene axis. The ethereal and carbonyl oxygen atoms lay on the two distinct square 
bases, which are about 2.68 A apart and tilted in less than 2.5° from each other. The Pb(II) ion 
is sandwiched between two bases and closer to the ethereal oxygen plane (1 .2 0 1  (3) A in this 
complex than to the carbonyl oxygen plane (1.479 (3) A. The coordination around the Pb(II) 
ion, can be compared with the one reported for the lead complex of a tetramide calix(4)arene 
derivative^^^. In this last complex, the metal ion is in a similar eight-fold environment with the 
oxygen atoms [mean Pb-0 (ethereal) and Pb-O (carbonyl) bond distances of 2.58 and 2.57 A 
respectively] conforming a coordination geometry intermediate between a squashed cube and 
an Arquimedean square antiprism. The ethereal and carbonyl oxygen atoms lay at the comers 
of the square bases, which are 2.36 A apart and tilted in about 27° from each other. As in the 
PbLl. the lead cation is closer to the ethereal oxygen plane (1.14 A) than to the carbonyl 
plane (1 .2 2  A).
As a consequence of the ionic interaction in the lower rim, all calixes (defined by the four- 
phenyl rings) exhibit a wide-open cone conformation. In both complexes, the two perchlorate 
ions and the space-filling solvent molecules are in the periphery of the complexes at 
interstitial lattice sites.
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Fig. 3.7.1. Side (left) and top views of the cadmium complex with LI.
Fig. 3.7.2. Side (left) and top views of the lead complex with LI.
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3.7.2. X-ray crystallographic studies on the mercury(II) complexes ofLS
Crystal system
Space group
Unit cell dimensions’*
a(Â)
b(Â)
c(Â)
Volume (Â )^
Z, calc. Dens. (Mg/mf ) 
Abs.coeff. (p, mm'^ ) 
F(OOO)
Crystal size (mm) 
Crystal color/shape
Orthorhombic
Pbca
15.568(1)
18.696(1)
40.322(1)
11736(1)
8, 1.386 
2 .8 3 9  
5008
0.32 X 0.26 X 0.05 
Colorless/plate
Orthorhombic
Pccn
21.794(1)
45.754(1)
12.395(1)
12359.8(8)
8,1.402 
2 .702  
5344
0.22x0.11x0.06
Colorless/plate
The obtained structure for the complexes of L3 with Hg(II) recrystallised from MeOH (1) and 
MeCN (2), are given in Fig. 3.7.3. To compare the degree of aperture exhibited by the 
chalices, the ^Calbc eccentricity* term is introduced for these complexes. It is arbitrarily 
defined calix eccentricity (e) as that of an ellipse whose major (2 a) and minor (2 b) axes 
coincide with the larger and shorter cross distances between the apical carbon atoms of 
opposite phenyl rings defining the hydrophobic cavity. Hence, €= c/a = V(l-[2b/2a]^). e- 
Values vmry in the range from zero (perfect cone) to the physically unreachable (because of 
steric repulsion) maximum value of one.
L3 Hg(C1 0 4 )2, (1): It shows a distorted cone conformation (€=0.819), too squashed to host a 
solvent molecule. In fact, no MeOH molecules are found in the crystal. This can be compared 
with the parent compound, where all four OH groups defining the lower bore are strongly H- 
bonded to one another conforming a ...0-H...0-H... cycle [d(0...0)=2.683 Â, d(H...O)=1.865 
Â, angle(0-H...0)=176.3°]. This H-bonding arrangement produces the perfect ‘cone’, wide 
open, conformation (e=0) observed in the solid state. The alternated replacement of 
hydroxyl hydrogen atoms with the sulfur-containing pendent groups partially disrupts the 
above highly symmetric and cyclic H-bonding structure, still leaving the pair of relatively 
weak and bent OH...O bonds observed in the complex [d(01...04)=2.804 Â, 
d(Hl...O4)=2.018 A, Z(01-H1...04)=155‘’; d(03...02)=2.927 A, d(H3...02)=2.177 A, 
Z(03-H3...02)=149°], The calix pseudo two-fold symmetry axis extend down to the 
hydrophilic pocket where the opposite pendent arms are roughly related through this C2- 
symmetry operation, as indicated by the close values of the corresponding torsion angles 
around the <j-bonds of both Ph-0 -CH2-CH2-S-CH2-CH3 pendent arms (differences of less 
than 10.5°). The mercury(II) ion sitting on the calixarene axis, is in a distorted square 
environment, trans coordinated to the sulfur atoms of the opposite pendent arms [Hg-S
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distances of 2.391(2) and 2.394(2) Â, Z(S-Hg-S)=l76.64(7)°] and to a pair of oxygen atoms 
belonging to two neighboring perchlorate anions [both Hg- 0  distances equal to 2.915(7) A, 
Z(0-Hg-0)=173.5(2)°]. Cis S-Hg-0 angles are in the range from 86.8(1) to 92.7(1)°. The 
S2O2 groups of ligand atoms around mercury are nearly planar (rms deviation of atoms from 
the least-square plane equal to 0.047 A) with the metal-ion close onto this plane (at 0.117 A). 
L3 Hg(C1 0 4 )2.2 MeCN, (2 ): (2) is in a distorted cone conformation (e=0.755), quite similar to 
that of (1), L3 Hg(C1 0 4 )2, too squashed to host a MeCN molecule. In fact, a pair of 
crystallisation acetonitrile solvent molecules is found outside the calix at interstitial lattice 
sites. As experimentally detected in L3 Hg(C1 0 4)2, the short 0 1 ...0 4  and 0 3 ...0 2  distances 
of 2.758 and 2.818 A observed in the lower bore of L3 Hg(C1 0 4 )2.2 MeCN suggest that this 
complex is also stabilized by a pair of O-H.. .0  bonds. In contrast with the previous complex, 
the calix two-fold symmetry does not extend to the hydrophilic cavity where the sulfur- 
containing pendent arms are instead related to each other by a local approximate mirror plane. 
This is quantitatively indicated by the close absolute values and opposite signs of the 
corresponding torsion angles of both Ph-0 -CH2-CH2-S-CH2-CH3 pendant arms (absolute 
differences less than 7.8°). Despite the lower rim conformational differences with 
L3 Hg(C1 0 4 )2, the mercury(II) ion in L3 Hg(C1 0 4)2.2 MeCN, is now on the mirror plane of the 
complex and shifted from the calix axis. It is in a similar distorted square environment of 
ligands, S2O2, with Hg-S bond distances of 2.381(2) and 2.388(2) A and Hg-0 (perch) 
contacts of 2.655(7) and 2.70(2) A. Trans S-Hg-S and O-Hg-0 angles are 170.12(8) and 
161.7(5)°, respectively, and cis S-Hg-O angles vary in the range from 74.4(5) to 95.8(5)°. The 
S2O2 group of ligand atoms around mercury departs slightly from a planar arrangement (rms 
deviation of 0.168 A) with the metal-ion at 0.181(5) A from the least-squares plane.
02
0 4  0 301
S4
(1)
02 01 0403
S2
Fig. 3.7.3. Side view of the mercury(II) complexes with L3 recrystallised from MeOH (1) and 
from MeCN (2).
190
^esuCts ancC (Discussion Cfiapter Three
3.7.3. X~ray crystallographic studies on the structure o f L3 complexes with DCM and silver (I) 
as perchlorate
Crystal system
Space group
Unit cell dimensions**
a(A)
b(A)
C(A)
aO
PO
YC) „Volume(Â )
Z, calc. density(MgW) 
Absorpt. Coeff.(p,mm'*) 
F(OOO)
Crystal size(mm)
C r y s ta l c o lo r /s h a p e
triclinic
P-1
11.607(1)
17.393(1)
25.779(1)
82.09(1)
89.71(1)
82.10(1)
5105.3(6)
4, 1.184
0.251
1960
0.24 X 0.20 X 0.04 
c o l o r l e s s / p r i s m a t i c
monoclinic
C2/c
45.659(1)
12.9983(3)
23.6268(6)
120.780(1)
12047.0(5)
8, 1.438
0.870
5376
0.12x0.08x0.05  
c o lo r le s s / f r a g m e n t
L3 (CI2CH2): There are two independent molecules per asymmetric unit. The chalices exhibit a similar 
distorted ‘cone’ conformation (eccentricity values of 0.559 and 0.587), each hosting a 
dichloromethane solvent molecule to form a molecular complex. The new calixarene derivative can be 
compared with the parent compound, where all four OH groups defining the lower bore are strongly 
H-bonded to one another conforming a ...0-H...0-H... cycle [d(0...0)=2.683 Â, d(H...O)= 1.865 Â, 
angle(0-H...O)=176.3°]. This H-bonding arrangement produces the perfect ‘cone’, wide open, 
conformation (e=0) observed in the solid state, where the underivatized calix[4]arene sits on a 
crystallographic four fold axis with a small organic solvent molecule filling its calix. The alternated 
replacement of hydroxyl hydrogen atoms with the sulphur-containing pendent groups partially disrupts 
the above highly symmetric and cyclic H-bonding structure, probably still leaving a pair of relatively 
strong OH...O(pend) bonds in each molecule. This is suggested by the observed 01...02(pend) and
03...04(pend) distances of 2.709 and 2.728 Â, respectively, and corresponding Cll(phen)-01...02 
and C31 (phen)-03...04 angles of 117.2 and 115.4° for one molecule and 05...06(pend) and
07...08(pend) distances of 2.742 and 2.676 Â, and C51 (phen)-05...06 and C71 (phen)-07...08 
angles of 116.1 and 119.1° for the other one. These lower rim interactions produce a relatively open 
calix, which in turn, favours the inclusion of the dichloromethane solvent molecule found in the 
hydrophobic cavity (positive allosterism). In both molecular complexes, the CI2CH2 molecule Q  -axis 
is oriented along the approximate two-fold local axis of the calix with the chlorine atoms pointing 
away from the hydrophobic cavity and the Cl-C-Cl plane along the longest cone aperture, in a way that 
resembles a coin fitting a slot (see Fig. 3.7.4/ a).
Ag2L3 (C104)2’. The calix[4]arene binds three crystallographically different Ag(I) ions adopting a 
conformation of approximate Cs local symmetry with the calix squashed onto the quasi mirror plane.
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One silver ion lies on this plane within the hydrophilic pocket, three fold coordinated by the two 
opposite -O-CH2- CH2-S-CH2-CH3 pendant arms through their sulphur atoms [Agl-S distances of 
2.541(2) and 2.522(2) Â] and by the oxygen atom of one OH group [d(Agl-01)=2.397(7) Â]. The 
other two silver ions, located on crystallographic inversion centres (site occupancy=/6 ), are 
peripherically bonded to the pocket at the sulphur sites [d(Ag2-S2)=2.435(3) Â and d(Ag3- 
S4)=2.439(2) Â], which are hence at the centre of a tetrahedral environment. Because of the inversion 
symmetry at the peripherical silver ion positions, these metal-ions bridge neighboring complexes, 
giving place to supramolecular polymeric chains in the lattice (see Fig. 3.7.4/ b). The complex is 
further stabilized by ionic Ag...O contacts involving perchlorate oxygen atoms [the shortest with 
d(Ag...O)=2.67Â].
The ionic interactions in the lower rim weaken the H-bonding structure of the complex [here, average 
d(0...O)=2.940 Â, average Z(C(ph)-0...0)=122.3°] as compared with the L3 (Cl2CH2) compound 
[where average d(0...0)=2.714 Â and average Z(C(ph)-0...0)=116.9°], producing a extremely 
flattened calix conformation (e=0.799). The opposite phenyl rings on the underivatized monomers 
subtend a wide angle of 116.4(4)° with each other, while the other two opposite rings are approaching 
mutual parallelism [dihedral angle of 15.3(2)°], a too narrow cavity to host a solvent molecule 
{negative allosterism). In fact, no methanol solvent molecules were found in the crystal.
As previously discussed in section 3.7.2, L3 has also the ability to bind mercury(H) by adopting a 
strongly distorted ‘cone’ conformation to form two (1 :1) isomeric complexes, namely HgL3 (C104)2, 
recrystallized from DMF, and HgL3 (C104)2.2MeCN, obtained from an MeCN solution (ellipcities 
values of 0.819 and 0.755, respectively). The Hg(II) ion in both complexes is found in a distorted 
square environment quite similar to each other, trans coordinated to the sulphur atoms of the opposite 
pendent arms, conforming a nearly linear S-Hg-S bond and to a pair of oxygen atoms from two 
neighboring perchlorate anions.
Fig. 3.7.4. Side view of one molecular complex of L3 with DCM (a), supramolecular structure of the 
(1:2) complex of L3 with silver (I) recrystallised from MeOH (b).
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S. 7.4. X-ray crystallographic studies on the structure ofL4
Crystal system' Triclinic Monoclinic
Space group P-1 P2,/c
Unit cell dimensions^
a(A) 20.4236(5) 17.382(1)
b(A) 22.2700(4) 22.280(1)
c{Â) 22.7522(6) 17.887(1)
a C ) 117.778(1) 90.00
PC) 102.473(1) 115.593(1)
yC) 95.216(1) 90.00
Volume (Â )^ 8717.2(4) 6247.5(2)
Z, calc, density ( Mg/ ) 6, 1.140 4,1.148
Absorpt.coeff. ( p , mm" ^  ) 0.142 0.138
F(OOO) 3240 2336
Crystal size (mm) 0.04x0.08x0.16 0.20x0.20x0.24
Ciystal color/shape Colorless/fragment Colorless/fragment
The solid state ligand 1-L4 recrystallized firom DMF shows three independent molecules per 
asymmetric unit with a quite similar squashed cone conformation (€ -values of 0.663, 0.790 
and 0.817). The chalices are too eccentric to host a DMF molecule (see Fig. 3.7.5/ a). In fact, 
no solvent is detected in the lattice. It is reported in the literature^^^ that DMF is prone to form 
inclusion complexes with some p-tert-hutyl calix[4]arene derivatives providing other 
interactions which produce a calix open enough to promote hydrophobic interaction with 
DMF. In fact this is the case of a partially derivatised lower rim amide p-tert-hwiyX 
calix[4]arene in which due to a pair of O-H.. .O bonds between neighboring pendent groups in 
the lower rim, the four phenyl rings of two independent calix[4]arene molecules enclose 
hydrophobic cavities wide enou^  (e-values of 0.277 and 0.323) to host a DMF solvent 
molecule, in a way that resembles a coin fitting a slot to form a molecular complex. 
Recrystallisation of the ligand L4 fi-om MeCN produces the molecular complex 
(MeCN)L4.MeCN, 2-L4, This structural result provides evidence regarding the better 
solvation capability of acetonitrile towards calix[4]arene as compared with i\/,7V- 
dimethylformamide. Hydrophobic interaction of MeCN with the calix stabilises a more open 
cone conformation (g -0 .456) with a MeCN molecule included in the basket conforming a 
molecular complex (see Fig. 3.7.5/ b). In addition, one crystallisation MeCN molecule is 
found in the periphery of this supra-molecule at an interstitial lattice site.
These findings corroborate the conclusions drawn from ^H NMR studies (section 3.2.1.3).
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a, (1-L4)
C19 NSl
CIS
C17Clio
CI4
CISC13
C16C12
Cll' O il 031021 041
C211( QClll
C212, 022 C112
023
C113 b, (2-L4)C213
C214 C114
Fig. 3.7.5. Side view of the structure of L4 recrystallised from DMF (1-L4) and MeCN (2-L4). 
5.7.5. X-ray crystallographic studies on the sodium and lead complexes o f L4
Crystal system Triclinic Triclinic
Space group P-1 P-1
Unit cell dimensionsa(A) 14.4768(6) 14.436(3)
b(A) 15.0177(7) 14.857(3)
c(A) 17.0596(9) 17.404(3)
oC) 96.575(2) 78.41(1)m 95.446(2) 76.72(1)
90.602(2) 79.24(1)
Volume(A ) 3667.0(3) 3520(1)
Z, calc. density(MgW) 2,1.200 2, 1.440
Absorpt. Coeff.(|a,mm'*) 0.175 2.598F(OOO) 1420 1572
Crystal size(mm) 0.15x0.20x0.22 0.08x0.14x0.34
Crystal color/shape Colorless/fragment Colorless/fragment
For the complexes of sodium and lead(II) with L4 recrystallised from MeCN, the macrocycle 
presents a distorted cone conformation with an MeCN molecule filling the calix with a metal 
ion (N a\ Pb^^) hosted in the hydrophilic cavity. The ensuing ionic interactions in this cavity 
produce a more symmetric calix aperture (e-values of 0.396 and 0.242 for the sodium and 
lead complexes, respectively) as compared with the solvated molecule.
The sodium ion in the NaL4 (MeCN)(C1 0 4 ).4 MeCN complex is in a six fold environment, 
coordinated to the four ethereal oxygen atoms [Na- 0  bond lengths in the 2.349(3)-2.419(3) A  
range] and to the carbonyl oxygen atoms of two opposite 0 CH2(C=0 )0 CH2CH3 pendant 
arms acting as bidentate ligands [Na-O distances of 2.380(4) and 2.368(4) A]. Despite the
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potential bite ability of the OCH2CH2SCH2CH3 pendent arms through their sulphur atoms, 
this soft ligand atom does not bind the hard Na^ metal cation. In fact, both sulphur atoms are 
found away from the hydrophilic cavity [at 9.549 A from each other]. Fig. 3.7.6 is a view of 
the sodium and MeCN complex in the NaL4 (MeCN)(C1 0 4).4 MeCN solid. A similar behavior 
of the related OCH2CH2SCH3 pendent arm was found in the sodium complex with the mixed 
lower rim derivative 5,11,17,23 tetraMs (1,1 -dimethylethyl) 25,27- bis-[(2-methylthio) 
ethoxy] 26,28- bis-[2-pyridyl methyloxy]-calix[4]arene^^. Here the Na^ ion is in a similar six 
fold coordination with the four ethereal oxygen atoms and the two pyridyl nitrogen atoms 
opposite pendent groups acting also as bidentate ligands.
In PbL4 (MeCN)(C1 0 4)2.2 MeCN, the metal cation is in an eight-fold polyhedral environment. 
The cation is coordinated to the 0 CH2(C=0 )0 CH2CH3 pendant arms as in the sodium 
complex, namely, through their ethereal and carbonyl oxygen atoms [Pb-O(eth) and Pb- 
O(carb) contacts of 2.729(3) and 2.510(3) A, respectively, for one arm, and 2.779(3) and 
2.677(3) A for the other one] and to one OCH2CH2SCH2CH3 group acting as bidentate ligand 
through its oxygen and sulphur atoms [d(Pb-0)=2.775(3) A, d(Pb-S)=2.903(l) A]. The other 
sulphur-containing arm acts as a monodentate ligand through its oxygen atom [d(Pb-
0)=2.775(3) A]. The sulphur donor atom is far out from the lead coordination sphere. The 
void left in this sphere by the retreat of that pendent group is filled by a perchlorate molecule. 
This is in ionic interaction with Pb^^ along the electron lone pair of one of its oxygen atoms 
[d(Pb-0)=2.554(4) A, Z(Pb-0-Cl)=l 15.2(2)°] hence completing the eight-fold coordination 
around the metal cation (see Fig. 3.7.6).
?
Fig. 3.7.6. Side view of the structure of the sodium and lead(II) complexes with L4 
recrystallised from MeCN.
195
(ResuCts and  ^(Discussion  Chapter ŒBree
The observation made in the solid state support the conclusions from NMR studies given 
in section 3.3.2 for the sodium complex with L4 in MeCN. On the other hand, no evidence 
was found in solution regarding the distinctive coordination found between Pb(II) and L4 in 
the solid state.
Based on the discussion made in section 3.5, the ability of L3 to only recognise Ag^ and Hg^^ 
over various metal cations in different media, makes this ligand an interesting derivative to 
investigate its extracting ability towards these two metal cations.
On the other hand, the isolation of mercury(II) as picrate to conduct extraction experiments 
was not successful and therefore these investigations were limited to silver picrate only and 
this is now discussed.
3.8. Extraction of silver picrate by L3 in the water-dichloromethane solvent system
Silver picrate was prepared as described in section 2.11. The elemental analysis carried out at 
University of Surrey showed good agreement between the calculated and found percentages 
of the C, H and nitrogen (see Table 3.8.1).
% C
% Calculated 
% H  % N % C
% Found 
% H % N
AgPic 21.45 0.60 12.51 21.41 0.31 12.19
Table 3.8.1. Elemental analysis of the silver picrate AgPic salt.
The formulation of the equilibrium constant for the extraction process in a mutually saturated 
solvent system between ligand (L3) (in the DCM phase saturated with water) and a metal-ion 
picrates (in the water phase saturated with DCM), requires information regarding the 
stoichiometry of the process in the relevant solvent system and the spéciations in pure DCM. 
Therefore, conductance measurements were performed using the same methodology 
described in sections 2.6.3 and 2.6.4.
AgPic showed low solubihty (< 10'  ^ mol dm" )^ in DCM saturated with water. Therefore 
conductimetric titrations were performed between L3 with Ag"^  in this solvent at 298.15 K 
using perchlorate as the counter-ion.
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3.8.1. Conductimetric titration o f Ag^ (as perchlorate) with L3 in DCM saturated with water 
at 298.15 K
Figs. 3.8.1 shows the conductimetric titration curve for Ag^ (as perchlorate) with L3 in the 
DCM saturated with water at 298.15 K. Having the metal cation in the vessel and adding the 
ligand, an increase in the molar conductance is observed with the formation of the complex. 
This is opposed to the expected behaviour as discussed in section 3.4). However, this increase 
might be due to the complex being more dissociated than the free metal-ion salt.
The shape of the curve in Fig. 3.8.1 suggests the formation of a relatively moderate complex 
between L3 and this cation. Extrapolation at low and high ligand/metal-ion ratio gave a 
distinctive break at the 1 :1  (ligand:metal-ion) stoichiometry.
2.5 1
2.0 -
♦V
cn
0.0
3.00.0 2.0 2.50.5 1.0 1.5
[L3]/[Ag1
Fig. 3.8.1. Conductimetric titration curve of Ag"^  (as perchlorate) with L3 in DCM saturated 
with water at 298.15 K.
In an attempt to establish the nature of the species (ions or ion-pairs) in solution, 
conductimetric measurements were carried out for Ag^ (as perchlorate) in wet and dry DCM. 
Fig. 3.8.2 shows the conductimetric titration curve for silver picrate in wet and dry DCM at 
298.15 K.
From the shape of these curves in Fig. 3.8.2, the conductance behaviour of this salt in this 
solvent is typical of those involving weak electrolytes. These findings demonstrate that the 
presence of water in the organic phase had a considerable effect on the conductance observed 
for this salt in the wet relative to the dry solvent. The presence of water solvate more the Ag^, 
hence increasing its size and therefore decreasing its molar conductance.
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0.04 - Wet DCM 
Dry DCMTU 0.03 -
% 0.02 -
CO
0.01 -
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Fig. 3.8.2. Conductimetric titration curve of Ag^ (as perchlorate) in dry and wet DCM at 
298.15 K
To fully understand the extracting behaviour of a ligand (L3) for a metal cation (Ag"^ ) from 
water (saturated with DCM) to the water saturated DCM, several considerations must be 
taken into account, which are discussed below.
3.8.2. Distribution o f silver picrate (AgPic) in the water-DCM solvent system
The distribution process of the metal-ion salt, MX, in the absence of the ligand, L is given in 
eq. 3.8.2
M+w + %-(w) —^  gg.3.82
hi this equation Kd denotes the distribution constant (eq. 3.83) for the process involving free 
ions (M^ and X') and ion pair (MX) in the water (w) and non-aqueous solvent (s), 
respectively.
{MX\s)y^ Mx{s)Kd eq.3.%3
\ M ^ \ y v ) \ ^ X  ] i w ) / ±  (W)
In eq. 3.85, [ ] and y denote concentrations on the molar sale and molar activity coefficient, 
respectively.
Therefore, the distribution process is composed of two individual processes, which are:
a) The partition of the fully dissociated electrolyte in the mutually saturated solvents 
(eq.3.84):
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M*(„, +X '(„) ■ +X-(s) eq .3M
where Kp is the partition constant and it is given in eq. 3.85,
b) The ion-pair formation between M"*" and X' in the water saturated organic phase, 
(DCM satuiated with water), (eq. 3.86).
hi this equation, Ka denotes the ion-pair formation constant as given in eq. 3.87,
K a = — eq.3.&7
Arrangement of eqs. 3.83, 3.85 and 3.87, yields a relationship between Kd, Kp and Ka given in 
eq. 3.88,
ggr.3.88
On the other hand, the partition of the metal cation between the organic and water phases is 
evaluated from the distribution ratio, D]f ,  given in eq. 3.89,
\  ^9.3.89
where [M' '^jy is the total concentration of the metal cation expressed on the molar scale.
Based on mass balance and electroneutrality, the following equation was derived in terms of 
concentrations.
= = eg.3.90Jt(w) J(w)
According to eq.3.90, a plot of Da/  v5 . [M^](s), gives a slope = KaKp^ and intercept = Kp^ ^^  
from which Kp and Ka are calculated.
Based on the formulation given above, distribution experiments were performed as described 
in Chapter II, section 2.11.2.
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To achieve the highest accuracy, calibration experiments were performed over the 
concentration range for AgPic in water saturated with DCM used in both, the. partition and 
extinction experiments, and this is now discussed.
il Calibration curve
This is performed as described in Chapter II, section 2.11.1.
Table 3.8.2 shows the concentration range, [AgPic] (mol dm'^) and the absorbance, (Abs) at 
356.1 nm. The calibration curve for AgPic in water saturated with DCM is given in Fig. 3.8.3.
[AgPic]/ mol dm"^ Abs
1 X 1 0 '^ 0.150
3 X 1 0 '^ 0.435
4 X 10'^ 0.577
6  X 1 0 "^ 0.865
8  X 1 0 "^ 1.159
9 X 10'^ 1.296
1 X 10"4 1.436
Table 3.8.2. Data from the calibration curve performed for AgPic in water saturated with 
DCM at 298.15 K
y = 14339x + 0.0056 
R^= 1.0000
<
0.6 -
0.4 -
0.2 -
O.OE+00 2.0E-05 8.0E-05 l.OE-044.0E-05 6.0E-05 I.2E-04
[AgPic]
Fig. 3.8.3. Calibration curve for AgPic in water saturated with DCM at 298.15 K 
iil Partition experiments
Table 3.8.3 lists the concentrations of AgPic in water and organic phase and the calculated 
distribution ratio for Ag"*", DAg ,^ (eq. 3.90).
The [Ag‘*](w) were calculated from the Abs reading, slope = 14339 and intercept = 0.0056 
obtained from the calibration curve shown in Fig. 3.8.4 using eq. 3.91,
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A b s ~ I eq3,91
where S  and /  are the slope and intercept from the calibration curve (Fig. 3.8.4), respectively.
[ A g ] Abs [ A g ] ( w ) [ A g ] ( s )  = [ A g ] ( w )  -  [ A g ] DAg"^
1 X 1 0 '^ 0.146 9.80 X 10'^ 4.58 X 10’^ 5.30 X 10'^
3 X 10“5 0.435 3.05 X 1 0 ’^ 5.30 X 10"^ 1.77 X 10'^
5 X 1 0 '^ 0.721 4.99 X 10'^ 1.07 X 10'^ 2.14 X 10'^
6  X 1 0 '^ 0.863 5.98 X 10"^ 2.04 X 10'^ 3.41 X 1 0 '^
7 X 10-5 1.009 7.00 X 10'^ 2.14 X 10'^ 9.50 X 10'^
9 X 1 0 "^ 1.282 8.90 X 10'^ 9.82 X 10'^ 1 .1 0  X 1 0 '^
1 X 1.43 9.93 X 10'^ 6.60 X lO'^ 6.65 X 10'^
Table 3.8.3. Concentration, absorbance and distribution ratio data from the distribution 
experiments of AgPic in the water-DCM mutually saturated solvent system at 298.15 K.
A plot of v s .  [Ag’*’](s) (Fig. 3.8.4) showed a linear behaviour. Therefore, Kp, Ka and Kd 
were calculated (see eqs. 3.88 and 3.90), (Table 3.8.3).
0.020 -,
0.016 - y = 9684.7X + 0.001 
R^  = 0.9842+  0.012 -
”  0.008 -
0.004 -
0.000
1.2E-060.0E4-00 2.0E-07 4.0E-07 8.0E-07 l.OE-066.0E-07
[AgPic](s)
Fig. 3.8.4. Plot of DAg^  vs. [Ag'*'](s) from distribution experiments of Ag^ in the water-DCM 
solvent system at 298.15 K
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M \„) +X '(„) — +X' ( . ) (s) (S)
Kp K« Kd = KpXKa
9.7 X 1 0 ^ 9.7
Table 3.8.4. Partition and distribution constants in the water-DCM solvent system and ion- 
pair formation constant of AgPic in water saturated DCM at 298.15 K
Data in Table 3.8.4 indicate that the predominant species in solution are the ion-pairs since 
the value of Kd > Kp. Moreover, a quantitative assessment of the contribution of Ka to Kd 
relative to Kp can be made by calculating the Ka/ Kd ratio for this metal-ion picrate, which 
was found to be 1 x 1 0 .^
In order to establish the stoichiometry of the extraction process, distribution experiments in 
the presence of L3, in the mutually water-DCM solvent system at 298.15 K was carried out as 
follows.
3.8.3. Extraction o f Ag^ by L3 in the water-DCM solvent system at 298.15 K
Extraction experiments of silver picrate with L3 in the water-DCM solvent system at 298.15 
K were carried out as described in Chapter II, section 2.11.3.
The extraction process in a mutually saturated solvent system is given by eq. 3.92,
+ T3(,) - eg.3.92
In this equation, Kex is the extraction constant and it is given by eq. 3.93,
-----------  eg .3.93
In eq. 3.93, yip, yl3 denote the molar activity coefficients of the ion-pair complex salt, the 
ligand (L3) while y± refers to the mean molar ionic activity coefficient.
202
<ResuCts atuC (Discussion ________________________________________________ CHapterHiree
Arranging eqs.3.83,3.90 and 3.92, K^ x is expressed in terms of Kj and Dm  ^(eq. 3.94),
“ £9.3.94
Therefore, a plot of — ^ — vj. [L](s) should give a linear relationship (if the formulated
](w)
process is correct) from which Kd and Kex are the intercept and slope respectively.
Table 3.8.5 shows the percentages of extraction (%E) of k% by L3 and the ratio of their 
concentrations ([L3]/ [Ag^]) obtained from the extraction experiments in the water-DCM 
solvent system at 298.15 K.
%E [L3]/[Ag1
6 .6 0.3
1 1 .1 0.4
15.8 0.5
2 0 .2 0 .8
27.2 1 .1
29.5 1.3
30.6 1.4
33.6 1.7
35.3 2 .0
36.2 2 .1
37.8 2.5
39.5 2 .8
Table 3.8.5. Percentages of extraction (% E) and [L3]/[Ag'^] data from the extraction 
experiments involving Ag"^  by L3 in the water-DCM solvent system at 298.15 K.
In Fig. 3.8.5, percentages of extraction (% E) are plotted against the ligand/ metal ion 
concentration ratio. A broad curve is obtained. Extrapolating at low and high concentration 
ratio gave a break corresponding to a 1:1 stoichiometry. This finding agrees with the result 
from the conductimteric titration of Ag"** (as perchlorate) in water saturated DCM at 298.15 K, 
shown in Fig. 3.8.1.
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% E  25 
20 - 
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5 
0
0.0 0.5 2.5 3.01.0 1.5 2.0
[L3]/IAgq
Fig. 3.8.5. Plot of percentages of extraction (% E) vs. [L3]/ [Ag'^ ] for the extraction of the 
silver cation by L3 in the water-DCM solvent system at 298.15 K.
In order to calculate Kex (eq. 3.94) a plot of ■vs. [L](s) gave straight line (see Fig.
(w)
3.8.6) from which Kd = 8,2 and Kex = 5  x 1 0  ^were calculated.
16000 - 
14000 - 
12000 -  
10000
+ 8000 4
6000 
4000 
2000 H 
0
y = 5E+07x+8.1466 
R^  = 0.987
I I---------------------1----------------------- 1-------------------------1------------------------1
O.OOE+00 5.00E-05 l.OOE-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04
Fig. 3.8.6. Plot o f ---- ^ — vs. [L3](s) for the extraction of the silver cation by L3 in the water-
](w)
DCM solvent system at 298.15 K.
The agreement found in the value of Kd obtained from distribution experiments in the absence 
(Kd = 9.7) and presence (Kd = 8.2) of the ligand demonstrate the reliability of the distribution 
data obtained.
In an attempt to discuss the individual processes contributing to the overall extraction process 
involving one unit of Ag'*’ with one unit of L3 in the water-DCM solvent system, (see Table
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3.8.6) the association constant, Kggs and the stability constant, Kg(g) in the organic phase 
saturated with water are considered based on the formulation reported by Danil de Namor et
Therefore, K^x was expressed in terms of Kasg and Kg(s), respectively, where two cases arise,
i) If the extraction proceeds through the interaction of the metal cation with the 
ligand, L3, in the water saturated DCM, then the individual processes contributing 
to Kex might be expressed as given in eq. 3.95,
Kex - K p x  Ks(s) X K\a) eq.3.95
= ^  eq3.95aKp
ii) If the interaction with the ligand is vz<3 ion-pairs species in the DCM saturated with 
water, the individual process contributing to Kex might be expressed as given in eq. 
3.96,
Kex ~ Kd xKass eq.3.90
K „ . = —  £9.3.960Kd
In eq. 3.95, K\a) is the ion-pair formation constant between the complex cation and the anion 
in the water saturated DCM phase.
Kp Kd jyKd - I '
IQ-'^ 9.7 5 X 10^ 5.2 X 10" 5 X 1 0 ^^
Table 3.8.6. Individual processes contributing to the overall extraction of AgPic by L3, Kgx, 
in the mutually saturated water-DCM solvent system at 298.15 K.
According to the data given in Table 3.8.6, the joint contribution of Kg(g) and K\a) is greater 
than Kass which suggests that the individual processes involved in eq. 3.95 are more likely to 
occur in the selective extraction of AgPic by L3.
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3.9. Conclusions
F r o m  t h e  a b o v e  d i s c u s s i o n s  o n  t h e  / ? - ^ e r f - b u t y lc a l ix [ 4 ] a r e n e  d e r iv a t i v e s ,  L I ,  L 2 ,  L 3  a n d  L 4 ,  
s e v e r a l  f a c t o r s  s u c h  a s ,  s o l v e n t s  ( s o l u t e - s o l v e n t  in t e r a c t io n  t h u s  s o l v a t i o n ) ,  t y p e  a n d  n u m b e r  
o f  b i n d i n g  s i t e s  i n  t h e  p e n d e n t  a r m s  o f  t h e  l i g a n d  a n d  c o n f o r m a t i o n  o f  t h e  f r e e  l i g a n d  i n  
d i f f e r e n t  n o n - a q u e o u s  m e d i a ,  h a v e  s h o w n  t h e i r  e f f e c t  a n d  u s e  f o r  t h e  d e s i g n  o f  s e l e c t i v e  
l i g a n d s  f o r  t o x i c  m e t a l  c a t io n s .  T h e r e f o r e ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n .
i .  C h e m i c a l  s h i f t s  c h a n g e s  i n  C D 3C N ,  C D 3O D ,  C 3D 7N O  a n d  C D 2C I 2 w i t h  r e s p e c t  t o  
C D C I 3 a s  a  r e f e r e n c e  s o l v e n t ,  s u g g e s t  t h a t  a c e t o n i t r i l e  in t e r a c t s  w i t h  t h e  h y d r o p h o b ic  
c a v i t y  o f  L I ,  L 2 ,  L 3  a n d  L 4  a n d  d i c h l o r o m e t h a n e  i n t e r a c t s  o n l y  w i t h  L 3 .  O n  t h e  o t h e r  
h a n d ,  /7 ,7 V - d im e t h y l f o r m a m id e  f o r m s  a n  exo c o m p l e x  w i t h  t h e s e  l i g a n d s  w h i l e  i n  
m e t h a n o l ,  n o  i n t e r a c t io n  a p p e a r s  t o  t a k e  p l a c e .
i i .  T h e  s t a n d a r d  G ib b s  e n e r g i e s  o f  t r a n s f e r  o f  L 3  a n d  L 4  f r o m  a c e t o n i t r i l e  t o  m e t h a n o l  a n d  
A ^ ,A - d im e t h y l f o r m a m id e  r e f l e c t  t h e  d i f f e r e n c e  i n  t h e  s o l v a t i o n  o f  t h e s e  l i g a n d s  i n  t h e s e  
s o l v e n t s .  D i f f e r e n t  s o l v a t i o n  p a t t e r n s  a r e  o b s e r v e d  f o r  b o t h  l i g a n d s .
i i i .  C o n d u c t i m e t r i c  t i t r a t io n s  m e a s u r e m e n t s  s h o w e d  t h a t  a l l  c o m p l e x e s  h a v e  a  1 :1  
c o m p o s i t i o n .
i v .  L I  i s  a b l e  t o  f o r m  c o m p l e x e s  w i t h  b i v a l e n t  m e t a l  c a t io n s  i n  c o n t r a s t  t o  w h a t  h a v e  b e e n  
r e p o r t e d  i n  t h e  l ite ra tu re ^ ^ . T h e  t h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  L I  a n d  L 2  w i t h  
b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  r e f l e c t  t h a t  a m o n g  t h e s e  c a t i o n s ,  t h e  
m o s t  s t a b le  c o m p l e x  i s  f o r m e d  w i t h  C a^^. T h e  a b s e n c e  o f  c o m p l e x a t i o n  w i t h  b i v a l e n t  
c a t io n s  i n  o t h e r  s o l v e n t s  i n v e s t i g a t e d ,  s u g g e s t  t h a t  t h e  in t e r a c t io n  w i t h  t h e s e  c a t i o n s  
i n v o l v e  t h e  a d d u c t  L I . M e C N  a n d  n o t  t h e  f r e e  l i g a n d  L I .  A  s e l e c t i v i t y  p e a k  w a s  
o b s e r v e d  i n  t e r m s  o f  G ib b s  e n e r g i e s  w h e n  c o m p l e x a t i o n  d a t a  w e r e  p l o t t e d  vs. c a t i o n  
s o l v a t i o n  ( h y d r a t io n ) .
V. T h e  r e p l a c e m e n t  o f  e s t e r  f u n c t i o n a l  g r o u p s  L I  i n  t w o  a l t e r n a t e  p e n d a n t  a r m s  b y  
t h i o e t h y l  m o i e t i e s ,  L 4  r e d u c e s  t h e  a p e r t u r e  o f  t h e  h y d r o p h i l i c  c a v i t y  ( a s  s h o w n  b y  
N M R )  t o  a n  e x t e n t  t h a t  i n  a c e t o n i t r i l e  t h e  a d d u c t  i s  a b l e  t o  d i s c r im i n a t e  b e t w e e n  t h e  
s m a l l e r  (Li'*', N a ’*' a n d  C a ^ ^  a n d  t h e  la r g e r  ( K \  R b ^ , S i^ ’*' a n d  B a ^ ^ ) a l k a l i  a n d  a l k a l i n e -  
e a r t h  m e t a l  c a t i o n s .  T h i s  s t a t e m e n t  i s  c o r r o b o r a t e d  b y  N M R ,  c o n d u c t a n c e  a n d  
t h e r m o c h e m i c a l  i n v e s t i g a t i o n s ,  w h i c h  s h o w  n o  c o m p l e x a t i o n  w i t h  t h e  f o r m e r  c a t i o n s .  
O n  t h e  o t h e r  h a n d ,  t h e  p r e s e n c e  o f  s o f t  d o n o r  a t o m s  i n  t h e  h y d r o p h i l i c  c a v i t y  r e d u c e s  
t h e  i n t e r a c t io n  o f  L 4 . M e C N  a d d u c t  w i t h  t h e  h a r d  c a t io n s  (Li'*', Na'*' a n d  Ca^'*'). N M R  
d a t a  i n  C D 3C N  i n d i c a t e  t h a t  n o  c o - o r d in a t io n  o c c u r s  b e t w e e n  t h e s e  m e t a l  c a t i o n s  a n d
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the sulphur donor atoms of the ligand. In addition the X-ray crystallographic study on 
the complex of L4 with NaC1 0 4  and acetonitrile demonstrates that in the solid state, 
cation co-ordination occurs through the four ethereal and two carbonyl oxygen atoms 
with no participation of sulphur donor atoms. However, the presence of sulphur donor 
atoms in the structure of the new ligand enhances substantially the stability of complex 
formation with soft donor atoms such as Hg^ "*". Unlike for the tetraethyl ester derivative, 
L I and Cu^^ are able to form a 1:1 complex with L4.MeCN. In moving from acetonitrile 
to methanol and A/IV-dimethylfbrmamide, the free ligand is only able to interact with 
Ag^ and Hg^^.
vi. The absence of the two pendent arms containing ester functional groups, L4, and the 
presence of hydroxy groups in L3 have improved the selectivity of the latter to an extent 
that this ligand interacts only with Ag"*" and Hg^’*’ among the metal cations investigated in 
acetonitrile, methanol and JV,A-dimethylformamide at 298.15 K.
vii. The effect of the ligand was quantitatively assessed by determining the selectivity factor 
of one ligand relative to another for the same metal cation in the same solvent.
viii. Solution and transfer thermodynamics clearly revealed the factors that contributed to the 
reverse order of complex stability observed for L3, L4 and Ag"** and Hg^’*' in acetonitrile, 
methanol and j%A-dimethylfbrmamide.
ix. Extraction measurements showed that L3 is a good-extracting agent for Ag"*" from water 
into the organic phase.
According to the data obtained from the extraction of Ag"*" with L3 (% E = 39.5) and based on 
the conclusion made above (iv-vi), the extracting efficiency of L3 towards Ag^ (Hg^^ might 
behave similarly) can be improved by increasing the number of soft binding sites in the lower 
rim by fully substituting L3. In addition, the position of the soft binding sites from ethoxy 
oxygens and the absence of hard binding sites will minimize the interaction with hard metal 
cations, such as alkali and alkaline cations. However, obtaining very high stability for the 
interaction of a ligand with a soft metal cation is a disadvantage due to the difficulties that 
might occur while recycling this ligand.
Investigating the extraction behaviour of L3 with environmental water samples will give 
clearer idea about the affinity of this ligand towards toxic metal cations.
L3 can be grafted via the upper rim to silica and then packed in a cylinder. Water containing 
Hg^’*’ can be allowed to flow through this cylinder. Determining the concentration of metal 
cations present in the water sample before and after treatment will give figures regarding the 
amount of metal cations that this ligand can extract from water.
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3.10. Suggestions for further work
1. To perform extraction experiments for L3 and L4 with in water-DCM mutually 
saturated solvent system. Conductimetric titration experiment of Hg^^ (as perchlorate) with 
L3 in this solvent system, suggested the formation of the complex (HgL3^^) of 1:1 
stoichiometry, (Fig. 3.10.1).
2.0
0.6
0.4
0.2
0.0
L3
2.50.0 0.5 2.0
Fig. 3.10.1. Conductimetric curve for the titration of Hg^^ (as perchlorate) with L3 in water- 
DCM mutually saturated solvent system at 298.15 K.
2. To disperse L4 in PVC for the design of mercury(II) ion selective electrode (ISE). 
Preliminary investigations using L4 as ionophore with other components according to the 
membrane composition given in Table 3.10.1, showed Nemstian behaviour for one of the
Hg^  ^electrodes over a period of 12 weeks at 298.15 K (see Fig. 3.10.2), (concentration range
1 0 '^  -  1 0  " mol dm ").\-5 -3>
-3The electrochemical cell used was: Ag/AgCl(s) (1 mol dm' KCl/ membrane )/ sample / 1 mol 
dm'^ KNO3/ 3 mol.dm'^ KCV HgjClj, Hg.
ISE % PVC %L4 % KTCIPB % o-NPOE
Electrode 1 (El) 72.5 1.5 0 26
Electrode 2 (E2) 70.5 1.5 2 26
Electrode 3 (E3) 72 1.5 0.5 26
Electrode 4 (E4) 71.5 1 .5 1 26
Table. 3.10. Membrane compositions for mercury(II) ion selective electrodes.
-5 ' 
- 1 0 -
0 -15
1
-35 - 
-40- 
-43 ■ 
-30 -
•E2
ISB with Nenisrian behavior and rqnodueible slope °  -  30,63 *  
0.S9
Fig. 3.10.2. Performance of the response slope of Hg^ ’*' ISE based on L4 vs. time.
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Appendices 
Appendix lA.
H NMR spectra for the titration of L1 with acetonitrile in CDCI3  at 298 K,
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H NMR spectra for the titration of L4 with acetonitrile in CDCI3 at 298 K,
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Appendix 1C.
H NMR spectra for the titration of L4 with Na  ^(as perchlorate) in CD3CN at 298 K.
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Appendix ID.
‘H NMR spectra for the titration of L4 with Ca^  ^(as perchlorate) in CD3CN at 298 K
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Appendix IE.
H NMR spectra for the titration of L4 with Ag^ (as perchlorate) in CD3 OD at 298 K. 
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Appendix IF.
H NMR spectra for the titration of L4 with (as perchlorate) in CD3 OD at 298 K.
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Appendix IH.
H NMR spectra for the titration of L4 with (as perchlorate) in C3D7NO at 298 K.
^*'/[L4] = 0.25 ssisgssaaaaiîiigaEBBgsîsassssssiîi[Hgn/[L
PPM
[Hg^1/[L4] = 0.75
S S î S 8 S a R g g S § 8 i S S S ..................... _ _ _
PPM
[Hg'^/[L4] = 1 . 0
i s s s i B S i i a g s a
PPM
242
[Hg^+]/[L4] = 1.3
PPM
[Hg'1/[L4] = 1.75
PPM
S s ïïSiiisissBasssisiissiRSSgsiîSsgssssaasj
n
PPM
243
Appendix 2A
Conductimetric titration data for Calcmm(II), lead(II), Cupper(II), Cadmium(Il), 
mercury(II) (as perchlorates) in acetonitrile at 298.15 K, respectively.
Am c jl/2 Am c jl/2
285 0.0008 0.0461 235 0.0025 0.0794
279 0 . 0 0 1 0 0.0512 226 0.0029 0.0857
270 0.0013 0.0561 216 0.0034 0.0923
262 0.0015 0.0607 207 0.0039 0.0993
255 0.0017 0.0649 194 0.0048 0.1093
251 0.0019 0.0690 184 0.0056 0.1181
245 0 . 0 0 2 1 0.0728 174 0.0063 0.1259
Table 2 A . 1 Conductimetric titration data for the plot Am vs. for Ca^ ^
perchlorate) in acetonitrile at 298.15 K.
Am c jl/2 Am c ■j^ /2
281 0.0004 0.0329 248 0 . 0 0 1 0 0.0507
278 0.0005 0.0354 243 0 . 0 0 1 1 0.0534
273 0.0006 0.0386 236 0.0013 0.0565
266 0.0007 0.0414 232 0.0013 0.0579
257 0.0009 0.0467
Table 2A.2 Conductimetric titration data for the plot of Am vs. for Pb^ +
perchlorate) in acetonitrile at 298.15 K.
■^ n c jl/2 Am c
319 0 . 0 0 0 2 0.0208 259 0.0016 0.0639
312 0.0004 0.0302 245 0 . 0 0 2 1 0.0731
297 0.0006 0.0385 237 0.0025 0.0790
285 0.0008 0.0452 227 0.0030 0.0867
276 0 . 0 0 1 1 0.0515 217 0.0035 0.0941
268 0.0013 0.0572 207 0.0041 0.1015
Table 2A.3 Conductimetric titration data for the plot of A,„ vs. for Cu^  ^ (as 
perchlorate) in acetonitrile at 298.15 K.
. 2+
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Afn c j m Am c jl/2
285 0.0006 0.0015 266 0 . 0 0 1 0 0.0026
283 0.0006 0.0016 258 0 . 0 0 1 2 0.0030
279 0.0007 0.0018 245 0.0015 0.0038
275 0.0008 0 . 0 0 2 0 238 0.0018 0.0044
271 0.0009 0.0023 228 0 . 0 0 2 0 0.0051
Table 2A.4 Conductimetric titration data for the plot of A,„ vs. for Cd^ +
perchlorate) in acetonitrile at 298.15 K.
Am c jm Am c
293 0.0005 0.0367 271 0 . 0 0 1 0 0.0488
289 0.0006 0.0394 268 0 . 0 0 1 0 0.0501
286 0.0007 0.0414 265 0 . 0 0 1 1 0.0517
2829 0.0008 0.0437 261 0 . 0 0 1 2 0.0537
278 0.0008 0.0455 257 0 . 0 0 1 2 0.0552
250 0.0014 0.0583
Table 2A.5 Conductimetric titration data for the plot of Am vs. for Hg^+
perchlorate) in acetonitrile at 298.15 K.
Am c Am c jl/2
2 0 1 0.0003 0.0295 181 0.0013 0.0560
197 0.0005 0.0349 176 0.0015 0.0618
193 0.0007 0.0406 172 0.0019 0.0686
190 0.0008 0.0460 168 0.0023 0.0751
185 0 . 0 0 1 1 0.0519 162 0.0028 0.0835
159 0.0034 0.0915
Table 2 A . 6  Conductimetric titration data for the plot of Am vs. for
perchlorate) in methanol at 298.15 K.
Am c jl/2 Am c jiyi
1 2 0 0.0003 0.0293 106 0 . 0 0 1 2 0.0539
119 0.0005 0.0341 106 0.0013 0.0566
117 0.0006 0.0384 105 0.0014 0.0592
114 0.0007 0.0429 103 0.0015 0.0618
1 1 0 0.0009 0.0476 1 0 1 0.0017 0.0643
108 0 . 0 0 1 0 0.0508 99 0.0018 0.0667
Table 2A.7 Conductimetric titration data for the plot of A,„ vs, for (as
perchlorate) in A^A^dimethylformamide at 298.15 K.
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Appendix 2B.
Conductimetric titration of (as perchlorate) with LI in acetonitrile at 298.15 K.
A,n (S.cm^.mol^) [LlJ/[Hg^^J A,n (S.cm^.mof^)
0.02 328 0.97 302
0.03 328 1.07 300
0.05 327 1.17 299
0.07 327 1.21 299
0.08 326 1.33 298
0.09 326 1.40 297
0.11 325 1.46 297
0.13 324 1.55 296
0.18 322 1.67 296
0.21 321 1.71 296
0.25 320 1.86 295
0.31 318 1.92 295
0.36 316 2.09 295
0.41 315 2.24 294
0.45 313 2.43 294
0.61 309 2.65 294
0.69 307 2.87 293
0.80 305
0.86 304
Table 2B.1, Conductimetric titration data of Hg^  ^(as perchlorate) with LI in acetonitrile at 
298.15 K.
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Appendix 2C.
Conductimetric titrations of L i\ N a\ Ca^ ,^ and Ag  ^(as perchlorates) with L4
in acetonitrile at 298.15 K, respectively.
[L 4 ]/[L t] A,n (S.cm^.mot^) [L 4 ]/[L t] Am (S.cm^mor^)
0,12 146 1.48 124
0.22 144 1.66 123
0.37 139 1.80 123
0.47 137 1.96 123
0.59 134 2.07 123
0.72 131 2.24 123
0.88 128 2.43 123
1.00 126 2.67 123
1.07 126 2.83 123
1.18
1.34
125
124
2.96 123
Table 2C.1. Conductimetric titration data for Li  ^(as perchlorate) with L4 in acetonitrile 
at 298.15 K
[L4]/[Na^] Am (S.cm^.mof^) [L4]/[Na^] Am (S.cm^.mot^)
0.01 171 1.66 134
0.14 166 1.82 134
0.32 159 1.96 134
0.42 156 2.06 134
0.52 152 2.22 134
0.67 146 2.31 134
0.79 142 2.42 134
0.95 138 2.54 134
1.12 136 2.69 134
1.31 135 2.86 134
1.43 135 2.99 134
1.54 134 3.26 134
Table 2C.2. Conductimetric titration data for Na  ^(as perchlorate) with L4 in acetonitrile at
298.15 K.
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[L4]/[Ca^^J A,n (S.cm^.moT^) [L4]/[C(^^] A,n (S,ctv?.moV^)
0.18 366 0.93 350
0.29 363 1.01 349
0.32 362 1.08 348
0.37 361 1.19 347
0.40 360 1.28 346
0.44 359 1.37 346
0.50 358 1.47 344
0.56 356 1.56 344
0.62 355 1.65 343
0.67 354 1.82 342
0.74 353 1.98 341
0.80 352 2.21 340
0.87 351 2.49 340
Table 2C.3. Conductimetric titration data of Ca^  ^(as perchlorate) with L4 in acetonitrile 
at 298.15 K.
[L4]/[Pb^^] Am (S.cw?.moV^) [L 4]/[P Ÿ ^] Am (S.cn^.moT^)
0.07 337 1.57 294
0.19 331 1.66 294
0.30 326 1.75 294
0.43 320 1.88 294
0.57 314 1.96 294
0.68 309 2.06 294
0.86 302 2.14 294
0.98 298 2.27 294
1.11 295 2.38 294
1.20 295 2.50 294
1.31 294 2.62 294
1.41
1.49
294
294
2.76 294
Table 2C.4. Conductimetric titration data of Pb^  ^(as perchlorate) with L4 in acetonitrile
at 298.15 K.
248
[L4]/[Hg^^J A,„ (S.cm^.mot^) [L4]/[Hg^^] A,n (S.cm^.mot^)
0.18 369 1.22 297
0.24 363 1.26 298
0.33 354 1.36 297
0.42 346 1.45 298
0.50 337 1.57 298
0.59 329 1.71 298
0.66 322 1.81 298
0.74 314 1.98 298
0.84 305 2.08 298
0.88 301 2.34 298
0.94 299 2.62 298
1.04 298 2.97 298
1.13 298
Table 2C.5, Conductimetric titration data of Hg^  ^(as perchlorate) with L4 in acetonitrile
at 298.15 K.
[L4J/[Ag^J A,n (S.cm^.moV^) [L4]/[Ag^J A„t (S.cm^.mor^)
0.03 180 1.54 160
0.08 179 1.67 159
0.21 177 1.76 159
0.32 175 1.91 158
0.42 173 2.03 157
0.56 171 2.12 156
0.73 168 2.23 156
0.86 167 2.38 155
0.94 166 2.54 154
1.10 164 2.65 154
1.19 163 2.87 152
1.35 162 3.14 150
Table 2C.6. Conductimetric titration data of Ag*^  (as perchlorate) with L4 in acetonitrile
at 298.15 K.
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Conductimetric titrations of and Ag'*' (as perchlorates) with L3 in acetonitrile at
298.15 K, respectively.
[L3]/[Ag^J A,n (S,cm^.mot^) [L3J/[Ag^J A,n (S.cm^.mof^)
0.10 167 1.42 158
0.20 166 1.57 157
0.28 165 1.67 156
0.42 164 1.80 156
0.51 163 1.96 155
0.60 162 2.14 155
0.71 162 2.35 154
0.80 161 2.68 153
0.88 161 2.85 153
0.98 160 3.14 152
1.06 160 3.36 152
1.15
1.25
159
158
3.54 151
Table 2C.7. Conductimetric titration data of Ag"^  (as perchlorate) with L3 in acetonitrile 
at 298.15 K.
[L 3]/[H ^ *] A,„ (S.cm^.mor^) [L3J/[Hg^ y A,„ (S.cm^.moC^)
0.08 338 1.32 257
0.15 331 1.51 257
0.23 323 1.72 257
0.33 314 1.87 257
0.40 308 2.07 257
0.50 299 2.17 257
0.62 288 2.30 257
0.72 279 2.57 257
0.86 266 2.77 258
1.00 257 2.97 258
1.15 257 3.07 258
Table 2C.8. Conductimetric titration data of Hg (as perchlorate) with L3 in acetonitrile
at 298.15 K.
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Appendix 2D
Conductimetric titrations for Hg^ ,^ Ag  ^ and Cu^ "^  (as perchlorates) with L4 and L3 in 
methanol at 298.15 K, respectively.
[L 4 ]/[H i^ ] Am (S.cm^.mor^) [L 4 ]/[H i^ ] Am (S.cm^.mor^)
0.0 250 1.4 202
0.1 245 1.7 197
0.2 241 1.8 196
0.3 235 2.0 193
0.4 232 2.3 190
0.6 223 2.5 187
0.8 217 2.7 183
0.9 212 3.0 180
1.1 207 3.2 177
1.2 205 3.5 174
1.3 203
Table 2D.1. Conductimetric titration data for Hg^  ^(as perchlorate) with L3 in methanol 
at 298.15 IC
[L4]/[Ag^] Am (S.cm^.moV^) [L4]/[Ag^] Am (S.cm^.mot^)
0.0 129 1.2 95
0.1 126 1.4 94
0.2 123 1.5 94
0.4 117 1.7 94
0.5 112 1.8 94
0.7 107 2.1 94
0.8 104 2.3 93
0.9 100 2.7 93
1.0 97 3.0 93
1.1 95
Table 2D.2. Conductimetric titration data of Ag  ^ (as perchlorate) with L4 in methanol 
at 298.15 K.
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[L4J/[Ag^] A,n (S.cm^.moT^) [L4]/[Ag^] Am (S.cm^.mot^)
0.00 232.3 1.24 232.4
0.07 232.3 1.33 232.5
0.12 232.3 1.44 232.4
0.17 232.2 1.52 232.5
0.21 232.1 1.63 232.5
0.25 232.1 1.72 232.4
0.29 232.2 1.83 232.4
0.33 232.1 1.92 232.4
0.41 232.2 2.02 232.6
0.48 232.2 2.11 232.5
0.56 232.3 2.18 232.3
0.65 232.3 2.32 232.4
0.74 232.1 • 2.46 232.7
0.84 232.1 1.24 232.4
0.93 232.2 1.33 232.5
1.04 232.4 1.44 232.4
1.14 232.5 1.52 232.5
Table 2D.3. Conductimetric titration data for Cu^  ^(as perchlorate) with L4 in methanol 
at 298.15 K.
[L3]/[Hg^^] Am (S.cm^.mot^) [L3]/[Hg^^] Am (S.cm^.mof^)
0.0 218 1.0 184
0.1 215 1.2 181
0.2 209 1.3 179
0.3 205 1.5 177
0.3 203 1.6 175
0.4 202 1.7 174
0.5 199 1.9 172
0.5 197 2.1 169
0.6 194 2.2 168
0.7 191 2.3 166
0.8 188 2.5 164
0.9 186
Table 2D.4. Conductimetric titration data for (as perchlorate) with L3 in methanol 
at 298.15 K.
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[L3]/[Ag^] A,u (S.cm^.moV^) [L3]/[Ag^] A,n (S.cm^mor^)
0.0 120 1.2 87
0.1 118 1.3 86
0.1 115 1.4 86
0.2 112 1.5 86
0.3 109 1.6 86
0.4 105 1.7 85
0.5 101 1.8 85
0.6 98 1.9 85
0.7 95 2.0 85
0.8 93 2.2 84
0.9 91 2.3 84
0.9 89 2.4 84
1.0 87 2.6 83
1.1 87 2.8 83
Table 2D.5. Conductimetric titration data for Ag"*" (as perchlorate) with L3 in methanol 
at 298.15 K.
[L3]/[Cu^^] Am (S.cn^.moT^) [L3]/[Cu^^] Am (S.cm^.mot^)
0.0 232 1.2 206
0.1 231 1.4 203
0.2 227 1.5 201
0.4 224 1.7 199
0.5 221 1,8 196
0.6 218 2.0 193
0.8 215 2.2 190
0.9 212 2.4 187
1.0 209 2.7 182
Table 2D.6. Conductimetric titration data for Cu^  ^(as perchlorate) with L3 in methanol 
at 298.15 K.
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Appendix 2E.
Conductimetric data for the titration of and Àg  ^(as perchlorates) with L4 in N ,N - 
dimethylformamide at 298.15 K, respectively.
[L 3 ]/[H ^ *] A,n (S.cm^.moT^) [L3]/[Hg^^] A,n (S.cm^.mor^)
0.0 145 1.8 123
0.2 140 2.0 121
0.3 137 2.2 120
0.5 135 2.4 119
0.7 132 2.8 117
0.8 131 2.9 116
1.0 129 3.0 115
1.2 128 3.3 114
1.4 126 3.5 113
1.7 124 3.7 111
Table 2E.1. Conductimetric titration data for Hg^  ^ (as perchlorate) with L4 in N ,N - 
dimethylformamide at 298.15 K.
[L4]/[Ag^] A,n (S.cn^.moT^) [L4]/[A g^l Am (S.cm^.mof^)
0.0 67 1.3 46
0.2 63 1.6 45
0.3 59 1.8 44
0.4 57 2.1 43
0.6 54 2.3 43
0.7 52 2.4 42
0.9 49 2.6 41
1.0 48 2.9 41
1.2 47 3.3 40
Table 2E.2. Conductimetric titration data for Ag"^  (as perchlorate) with L4 in N,N~ 
dimethylformamide at 298.15 K.
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Conductimetric data for the titration of Ag’*' and Cu^  ^(as perchlorates) with L3 in
AiA-dimethylformamide at 298.15 K, respectively.
[L3J/[Hg^^] A,„ (S.cm^.mof^) [L3]/[Hg^^] A,n (S.cm^.mor^)
0 136 1.2 113
0.1 134 1.4 111
0.1 132 1.5 110
0.2 130 1.7 108
0.3 128 1.8 107
0.4 127 2.0 106
0.5 125 2.1 105
0.5 123 2.3 103
0.6 121 2.5 102
0.7 120 2.7 100
0.8 118 3.0 98
0.9 116 3.3 96
1.1 115
Table 2E.3. Conductimetric titration data for Hg^ "^  (as perchlorate) with L3 in N,N" 
dimethylformamide at 298.15 K.
[L3]/[Ag^] A,n (S.cm^.mot^) [L3]/[Ag^] A,n (S.cm^.mor^)
0.0 69 1.1 57
0.1 68 1.2 56
0.1 67 1.4 56
0.2 66 1.6 55
0.2 65 1.7 54
0.3 64 1.9 54
0.4 62 2.2 53
0.5 61 2.3 53
0.7 60 2.4 52
0.9 59 2.6 52
Table 2E.4. Conductimetric titration data for Ag**" (as perchlorate) with L3 in N ,N -  
dimethylformamide at 298.15 K.
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[L3J/[Cu^^J A,n (S.cm^.mor^) [L3J/[Cu^^J A„t (S.cm^.moV^)
0.1 140 1.5 139
0.2 140 1.5 139
0.2 140 1.6 139
0.3 140 1.7 139
0.4 140 1.8 139
0.4 140 1.7 139
0.5 140 1.9 139
0.6 140 2.0 139
0.6 140 2.0 139
0.7 140 2.1 138
0.8 140 2.2 138
0.8 140 2.2 138
0.9 140 2.3 138
0.9 140 2.4 138
1.0 140 2.5 138
1.1 140 2.5 138
1.1 140 2.6 138
1.2 140 2.7 138
1.2 140 2.7 138
1.3 140 2.8 138
1.3 139 2.9 138
1.4 139 3.0 138
Table 2E.5. Conductimetric titration data for Cu^  ^ (as perchlorate) with L3 in 
dimethylformamide at 298.15 K.
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Appendix 2F.
Conductimetric data for the titration of Na% L i\ Ca^ % Pb^\ and Ag^ (as
perchlorates) with L4 in propylene carbonate at 298.15 K, respectively.
[L4]/[Na^] Am (S.cm^.moV^) [L4]/[Na^J Am (S.cm^.mor^)
0.0 19 1.5 17
0.1 19 1.7 16
0.2 19 1.8 16
0.3 18 1.9 16
0.4 18 2.0 16
0.6 18 2.2 16
0.7 18 2.3 15
0.8 18 2.4 15
0.9 17 2.5 15
1.1 17 2.7 15
1.2 17 2.8 15
1.3 17 2.9 15
1.4 17
Table 2F.1. Conductimetric titration data for Na"^  (as perchlorate) with L4 in propylene 
carbonate at 298.15 K.
[L 4 ] /[L t] Am (S.cm^.mor^) [L 4 ]/[L f] Am (S.cn^.moT^)
0.0 21 1.5 18
0.1 21 1.6 17
0.2 20 1.7 17
0.4 20 1.8 17
0.5 20 2.0 17
0.6 20 2.1 16
0.7 19 2.2 16
0.8 19 2.4 15
1.0 19 2.5 15
1.1 18 2.7 15
1.2 18 2.8 14
1.3 18 2.9 14
Table 2F.2. Conductimetric titration data for Li  ^(as perchlorate) with L4 in propylene
carbonate at 298.15 K.
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[L4]/[Ca^^] A,n (S.cm^.moV^) [L4J/[Ca^^J Am (S.cm^.mof^)
0.0 47 1.5 50
0.1 47 1.6 50
0.2 47 1.8 50
0.3 48 1.9 50
0.5 48 2.1 50
0.6 48 2.2 51
0.7 49 2.3 51
0.8 49 2.4 51
0.9 49 2.6 52
1.1 49 2.7 52
1.2 49 2.8 52
1.3 49 2.9 52
1.4 50 3.1 52
Table 2F.3. Conductimetric titration data for Ca^  ^ (as perchlorate) with L4 in 
propylene carbonate at 298.15 K.
[L4]/[Pb^^] Am (S.cm^.mor^) [L4J/[Pb^^J Am (S.cm^.mor^)
0.0 59 1.4 63
0.1 59 1.6 64
0.2 59 1.8 64
0.3 60 2.0 65
0.5 60 2.2 65
0.6 61 2.4 66
0.8 61 2.6 67
0.9 62 2.8 67
1.1 62 3.0 68
1.3 63
Table 2F.4. Conductimetric titration data for Pb^  ^ (as perchlorate) with L4 in 
propylene carbonate at 298.15 K.
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A ,n  (S.cm^.mot^) [ L 4 ] / [ H i^ ] A m  (S.cm^.mor^)
0.0 44 1.3 47
0.1 44 1.4 47
0.2 44 1.5 47
0.2 44 1.6 47
0.3 44 1.7 48
0.4 44 1.7 48
0.4 44 1.9 48
0.5 44 1.9 48
0.6 45 2.0 48
0.7 45 2.1 48
0.8 45 2.1 48
0.8 45 2.2 48
0.9 46 2.3 48
1.0 46 2.4 48
1.1 46 2.5 48
1.2 46
1.3 47
Table 2F.5. Conductimetric titration data for (as perchlorate) with L4 in
propylene carbonate at 298.15 K.
[L4J/[Ag^J Am (S.cm^.moV^) [L4]/[Ag^J Am (S.cm^.mot^)
0.0 21 1.5 22
0.1 21 1.6 22
0.3 21 1.7 22
0.4 21 1.9 22
0.5 21 2.1 22
0.7 21 2.2 22
0.8 22 2.3 22
0.9 22 2.4 23
1.1 22 2.6 23
1.2 22 2.7 23
1.3 22 1.5 23
Table 2F.6. Conductimetric titration data for Ag^ (as perchlorate) with L4 in propylene 
carbonate at 298.15 K.
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Conductimetric data for the titration of and Ag  ^ (as perchlorates) with L3 in
propylene carbonate at 298.15 K, respectively.
[L3]/[Hg^^] A m (S .c m \m o f) [L 3 ] / lH i^ ]  4 „ (S.cm^.mot^)
0.0 42 1.2 38
0.1 41 1.2 38
0.2 41 1.3 38
0.2 40 1.4 38
0.3 40 1.5 38
0.4 40 1.6 38
0.5 39 1.7 38
0.6 39 1.7 38
0.7 39 1.8 37
0.7 39 1.9 37
0.8 39 2.0 37
0.9 39 2.1 36
1.0 39 2.2 36
1.1 39 2.3 36
, Conductimetric titration data for Hg^  ^ (as perchlorate) wit
irbonate at 298.15 K.
[L3]/[Ag^] Am (S.cm^.mot^) Am (S.cm^.mor^)
0.0 21 1.1 20
0.1 21 1.3 20
0.3 21 1.4 20
0.4 21 1.5 19
0.5 21 1.6 19
0.6 21 1.8 19
0.8 20 1.9 19
0.9 20 2.0 19
1.00 20 2.2 19
Table 2F.8. Conductimetric titration data for Ag  ^(as perchlorate) with L3 in propylene 
carbonate at 298.15 K.
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